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ABSTRACT 
 
 
For people with chronic hip pain due to arthritis or other conditions, a total hip 
replacement (THR) is a common procedure used to eliminate the pain. Due to the natural 
variation in patient anatomy, THR prostheses are becoming increasingly more modular to 
allow for a more customized initial replacement and for an easier revision if needed in the 
future. Currently, THR prostheses routinely have modular femoral heads to provide 
surgeons with intraoperative flexibility. This modularity allows the surgeons to maintain 
the proper leg length and restore hip biomechanics for the patient and insert the 
components more easily and precisely. Modular femoral heads attach to the neck cone on 
the femoral stem using a bore-cone taper junction. Different bore depths into the head 
alter the position of the head center relative to the end of the neck cone, effectively 
providing the surgeon a means of altering the head-neck length during surgery. This 
affects the moment arm at the bore-cone modular junction since the joint reaction force at 
the hip passes through the center of the femoral head. There are concerns that variations 
in this head-neck moment arm and other neck cone geometries can negatively impact the 
stability and surface of the modular bore-cone taper junction, leading to corrosion and 
other modes of surface damage. 
The broad objective of this thesis was to use explanted THR prostheses and basic 
mathematical modeling to understand how variations in component geometry, 
specifically the head-neck moment arm (HMA) and neck cone geometry, may impact 
bore-cone taper junctions. The objective was accomplished by 1) characterizing surface 
damage on modular bore-cone tapers of explanted THR prostheses; 2) correlating surface 
 iii 
damage with stem design features and patient factors, and 3) characterizing the stress 
distribution in different neck designs with varying taper geometry.  
It was hypothesized that explanted THR prostheses would exhibit surface damage 
on the modular bore-cone tapers, that surface damage would vary with design type and 
taper geometry (specifically HMA and neck cone contact surface area), and that changing 
the taper geometry would affect the stress distribution in the neck. 
The results from this thesis establish that explanted THR prostheses exhibit 
surface damage on modular bore-cone tapers, and that the corrosion was significantly 
correlated with neck diameter, neck stiffness, and patient body weight. HMA and the 
overall neck cone contact surface area did not have a significant correlation with 
corrosion. Changing neck cone geometry and HMA did not change the stress distribution 
in the neck in the simple computational models, but these changes did impact the 
magnitude of the stresses in the neck. There is still more information to learn about 
damage mechanisms existing at bore-cone modular junctions, but this thesis confirmed 
that severe corrosion can occur in modular bore-cone tapers during in vivo function. 
There remains a need to find the optimal design parameters for HMA and taper geometry 
in order to maintain the clinical benefits of varied neck lengths but minimize the potential 
design failures. 
 iv 
DEDICATION 
 
 
I dedicate this work to my parents for their endless encouragement and support 
throughout my education. Without them I would not be fortunate enough to have this 
opportunity. They have always encouraged me to pursue my goals and have provided 
continual love and guidance to keep me motivated. 
 v 
ACKNOWLEDGMENTS 
 
I would like to thank Dr. Melinda Harman, my advisor, for her invaluable 
knowledge, support, and patience throughout my graduate and undergraduate 
experiences. She has helped me grow as a researcher and engineer, and I will remember 
her lessons throughout my future career. I would also like to thank my committee 
members, Dr. Robert Latour and Dr. John DesJardins, for their guidance during my 
research. Finally, I would like to thank Pooja Panigrahi, Ryan Taylor, Andrew Fetty, the 
Department of Bioengineering, the RE-MED laboratory team, and CU-REPRO for all of 
their assistance and support in helping me accomplish my goals. This work was 
supported in part with institutional funding from Clemson University through the 
Creative Inquiry Program and faculty start-up funds from the Department of 
Bioengineering. 
 vi 
TABLE OF CONTENTS 
 
 
Page 
 
TITLE PAGE .................................................................................................................... i 
 
ABSTRACT ..................................................................................................................... ii 
 
DEDICATION ................................................................................................................ iv 
 
ACKNOWLEDGMENTS ............................................................................................... v 
 
LIST OF TABLES ........................................................................................................ viii 
 
LIST OF FIGURES ........................................................................................................ xi 
 
CHAPTER 
 
 I. INTRODUCTION ......................................................................................... 1 
 
   Hip Arthroplasty ...................................................................................... 1 
   THR Modularity....................................................................................... 3 
   Biomechanics ........................................................................................... 6 
   Modular Head-Neck Junction Surface Damage .................................... 14 
   Purpose ................................................................................................... 20 
 
 II. MATERIALS/METHODS .......................................................................... 22 
 
   Acquire Explanted Hip Prostheses......................................................... 22 
   Assess Taper Surface Damage ............................................................... 23 
   Identify Stem Design Types and Materials ............................................ 30 
   Measure Taper Geometry ...................................................................... 32 
   Correlate Surface Damage with Design Features and 
    Patient factors................................................................................... 33 
   Determine Typical Loading Conditions................................................. 34 
   Model Taper Geometry .......................................................................... 35 
 
 III. Results .......................................................................................................... 43 
 
   Surface Damage Characterization.......................................................... 43 
   Effect of Stem Type ............................................................................... 46 
   Effect of Material Combination ............................................................. 46 
   Effect of Taper Quadrant ....................................................................... 47 
 vii 
Table of Contents (Continued) 
 
Page 
 
   Effect of Head Diameter ........................................................................ 48 
   Effect of HMA ....................................................................................... 49 
   Effect of Neck-Cone Contact Surface Area ........................................... 50 
   Effect of Neck Flexural Rigidity............................................................ 53 
   Effect of Implantation Time ................................................................... 54 
   Effect of Body Weight ........................................................................... 54 
   Effect of Activity on Prosthesis Loading ............................................... 56 
   Effect of Taper Geometry on Stress Distribution .................................. 58 
 
 IV. DISCUSSION .............................................................................................. 82 
 
 V. ENGINEERING SIGNIFICANCE .............................................................. 93 
 
APPENDICES ............................................................................................................. 100 
 
 A: Patient Data ................................................................................................ 101 
 B: Material Properties ..................................................................................... 103 
 C: Explant Data Used for Corrosion Correlation Analysis ............................ 104 
 
REFERENCES ............................................................................................................ 114 
 viii 
LIST OF TABLES 
 
 
Table                                                                                                                               Page 
 
 2.1 Criteria for each score using the semi-quantitative visual  
   assessment .............................................................................................. 39 
 
 3.1 There was no significant difference in the percent area of  
   corrosion of mixed alloy couples vs. similar alloy  
   couples (p=0.524) .................................................................................. 47 
 
 3.2 The percent area of corrosion on the modular head-neck  
   tapers of the MoP prostheses was not significantly  
   different from the MoM prostheses (p=0.620) ...................................... 47 
 
 3.3 Neck cone quadrant was not a significant factor affecting  
   the percent area of corrosion (p=0.577) ................................................. 48 
 
 3.4 The large diameter heads included in this study did not  
   have significantly more corrosion than the smaller  
   diameter heads (p=0.788)....................................................................... 48 
 
 3.5 Changing the neck length, through use of a head having  
   a longer or shorter HMA, was not correlated with  
   percent area of corrosion (p=0.731) ....................................................... 50 
 
 3.6 The load endured by the prosthesis varied with activity .............................. 56 
 
 3.7 Stress increased as load increased in the simple cantilever  
   beam model ............................................................................................ 59 
 
 3.8 Deflection increased with decreasing elastic modulus ................................ 60 
 
 3.9 Deflection increased with decreasing elastic modulus ................................ 60 
 
 3.10 Deflection increased with decreasing elastic modulus ................................ 60 
 
 3.11 Deflection increased with decreasing elastic modulus ................................ 61 
 
 3.12 Stress increased as neck length increased and neck diameter  
   decreased under shear and compressive forces ...................................... 61 
 
 3.13 Stress increased with increasing HMA ........................................................ 62 
 ix 
List of Tables (Continued) 
 
Table                                                                                                                               Page 
 
 3.14 Stress increased as HMA increased ............................................................. 63 
 
 3.15 Deflection increased as HMA increased ...................................................... 63 
 
 3.16 The largest stresses were concentrated at the distal end  
   of the neck on the superior and inferior sides .................................. 64, 65 
 
 3.17 The proximal ends of the necks experienced the greatest  
   Deflection ......................................................................................... 66, 67 
 
 3.18 Deflection increased from the distal end to the proximal  
   end of the neck ................................................................................. 68, 69 
 
 3.19 The largest deflection was at the proximal end of the neck ................... 70, 71 
 
 3.20 Deflection increased from the distal end to the proximal  
   end .................................................................................................... 72, 73 
 
 3.21 The stress increased gradually from the proximal end to  
   the distal end .................................................................................... 74, 75 
 
 3.22 The highest stresses were concentrated at the distal end  
   of the neck for all HMA values ........................................................ 76, 77 
 
 3.23 Stress increased gradually from the proximal end of the  
   neck for all HMA values .................................................................. 78, 79 
 
 3.24 The proximal end of the neck experienced the greatest  
   deflection for all HMA values ......................................................... 80, 81 
 
 A.1 Specific patient data for each explant ................................................ 101, 102 
 
 B.1 Material properties for the materials used in the SolidWorks  
   models .................................................................................................. 103 
 
 C.1 Specific material, patient, and design factors for each  
   explant .......................................................................................... 104, 105 
 
 C.2 Specific HMA and Head Diameters for each explant ........................ 106, 107 
 
 x 
List of Tables (Continued) 
 
Table                                                                                                                               Page 
 
 C.3 Specific neck cone data for each explant ........................................... 108, 109 
 
 C.4 Specific corrosion data for each explant ............................................ 110, 111 
 
 C.5 Explants with greater than 10% area of corrosion ............................. 112, 113 
 
 xi 
LIST OF FIGURES 
 
 
Figure                                                                                                                             Page 
 
1.1  A close-up view of the femoral stem and head showing  
 the bore (B) and cone (C) of the taper junction ....................................... 4 
 
1.2  Basic diagrams comparing trunnion depth and contact  
 Length ...................................................................................................... 5 
 
1.3  Diagram of the relationship between abductor muscles  
 and head offset ......................................................................................... 7 
 
1.4  Angles β and α are used to calculate the component forces  
   of the joint reaction force (F) shown here passing  
   through the center of the head. HH, HD, and TD are  
   used to calculate the head-neck moment arm (HMA) ............................. 9 
 
1.5  Basic drawing of the femoral head and neck when the  
 HMA = 0 and the head was considered to be in  
 "neutral" position ................................................................................... 10 
 
1.6  Basic drawing of when the HMA value was positive and  
 the THR was considered a longer neck.................................................. 11 
 
1.7  Basic drawing of when the HMA value was negative and 
  the THR was considered a shorter neck ................................................ 11 
 
1.8  Skirted head (left) vs. standard head (right)................................................. 13 
 
 2.1 Example of defined quadrants on the femoral stem necks  
   (the cones) for the visual assessment for a left stem ............................. 24 
 
 2.2  Diagram of how the neck cone was divided into quadrants  
   for a right stem ....................................................................................... 25 
 
 2.3 The zone numbers were assigned as shown for THR  
   prostheses in which the anatomic orientation was  
   unknown ................................................................................................. 25 
 
 2.4 Neck cone with the overlaid gridlines in preparation for  
   ImageJ analysis ...................................................................................... 29 
 xii 
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 2.5 Simplified diagram of the parameters used to calculate  
   the surface area of the neck cone in order to calculate  
   the total percent area of corrosion .......................................................... 30 
 
 2.6 Basic drawing of the Stage 1 Model ............................................................ 37 
 
 2.7 Simplified drawing of the stage 2 model in neutral position ....................... 38 
 
 2.8 Simplified drawing of the stage 3 model in neutral position ....................... 40 
 
 3.1 The majority of the explanted THR prostheses had low  
   visual assessment scores (2.5 or less) consistent with  
   little or no corrosion ............................................................................... 43 
 
 3.2 Neck cones with higher damage scores had larger percent  
   areas of corrosion ................................................................................... 44 
 
 3.3 The majority of the explants had small percent area of  
   corrosion values ..................................................................................... 45 
 
 3.4 There was no significant correlation between HMA and  
   corrosion ................................................................................................ 49 
 
 3.5 Decreasing the contact surface area did not increase the  
   amount of corrosion ............................................................................... 51 
 
 3.6 Percent area of corrosion decreased as distal neck taper  
   diameter increased ................................................................................. 52 
 
 3.7 Percent area of corrosion decreased as proximal neck taper  
   diameter increased ................................................................................. 52 
 
 3.8 Percent area of corrosion decreased as neck flexural  
   rigidity increased. ................................................................................... 53 
 xiii 
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 3.9 Percent area of corrosion increased as body weight  
   increased, when including 0% area corrosion values ............................ 55 
 
 3.10 Body weight did not affect corrosion when analyzing only  
   the explants with some degree of corrosion (therefore  
   excluding the explants with 0% area of corrosion) ................................ 55 
 
 3.11 Daily activity affected the amount of force the prosthesis  
   endured ................................................................................................... 57 
 
 4.1 Simplified diagram comparing the center offset term (CO) 
    to the head neck moment arm (HMA) .................................................. 87 
 
 
 1 
CHAPTER ONE 
INTRODUCTION 
 
Hip Arthroplasty 
Every year, approximately 1.1 million total joint replacement surgeries occur in 
the United States, specifically for the treatment of diseased knee joints and hip joints.
1
 
Historically the majority of patients requiring a total joint replacement are over the age of 
65, but it is not uncommon for joint replacement surgery to occur at any point between 
the ages of 40 to 90. Data from the Nationwide Inpatient Sample (NIS) and analysis 
performed by Kurtz et al showed that the incidence of total joint replacement is on the 
rise, particularly with the Baby Boom generation entering their 60’s. Additionally their 
analysis showed that there is an increasing number of younger patients (below the age of 
65) receiving total joint replacement, with 32% of total hip replacements between 1993 
and 2006 occurring in these younger patients. This number increased to 40-46% in 2006. 
Kurtz et al predicted that more than 50% of patients needing total hip replacements will 
be under the age of 65 by 2011, reaching 52% by the year 2030.
2
 The current and 
predicted increases in demand for total hip replacements emphasize the importance of 
improving the reliability and survivorship of these devices. Design modifications or 
entirely new design concepts are continually being introduced in order to meet the 
functional demands of these patient populations and the expectations of increased 
longevity for joint replacements.  
Total hip replacement (THR) is a surgical procedure in which the normal hip joint 
of a patient is replaced with an implantable prosthesis. The most common reasons for 
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THR are hip pain, cartilage loss associated with bone diseases such as osteoarthritis and 
rheumatoid arthritis, and hip fractures secondary to osteoporosis and trauma.
3
 In order to 
implant the prosthesis, the surgeon resects the femoral head, contours the metaphyseal 
and diaphyseal femoral bone using rasps or reamers, and contours the acetabulum using a 
hemispherical reamer. A typical THR prosthesis consists of multiple components 
designed to simulate the structure and function of the original hip joint. It consists of a 
femoral stem, femoral head, acetabular liner, and an acetabular cup. 
Modern femoral stem and acetabular cup components are generally fabricated 
from medical-grade metals, either a titanium alloy (Ti) or a cobalt chromium alloy 
(CoCr). The femoral head is commonly fabricated from a CoCr metal alloy or an 
alumina-based ceramic. The acetabular liner is generally fabricated from a polymer, 
specifically ultra high molecular weight polyethylene (UHMWPE), a CoCr metal alloy, 
or an alumina-based ceramic. Material properties are discussed in Chapter 2. 
Various combinations of these head and liner materials provide multiple options 
for the articular bearing couples. The two most common material combinations are a 
metal head on a UHMWPE liner (MoP) or a ceramic head on a UHMWPE liner (CoP). 
Hard bearing couples include metal on metal (MoM) or ceramic on ceramic (CoC) 
combinations. However, recently there has been declining use of the MoM bearing 
couples due to adverse tissue reactions associated with metal ions and wear particulate 
released from these prostheses, resulting in the FDA recalling these problematic 
devices.
3–5
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THR Modularity 
There is a variety of different designs of THR prostheses, such as the popular 
modular prostheses which has generally replaced the historic non-modular monoblock 
design. Most modular THR prostheses used today have a modular head, meaning the 
femoral head is manufactured as a separate component instead of permanently attached to 
the stem. Additionally, there is increasing use of modular necks, in which the femoral 
neck is manufactured as a separate component and can be removed from the stem body 
and interchanged. The design rationale for modular THR prostheses include increased 
interoperable flexibility allowing the surgeon to select component sizes that best fit the 
patient’s anatomy and will restore optimal biomechanics for the patient.6 Additionally, 
modular prostheses give surgeons the ability to disassemble components in situ during 
revision surgery without requiring removal of well-fixed components that are functioning 
successfully. Modularity also allows different materials to be joined together, such as a 
ceramic head on a metal femoral stem.
7,8
 
Head diameters have ranged over the years from 22 mm to 60 mm.
9,10
 Typical 
head diameters used in total hip replacements are 28 mm, 32 mm, 36 mm, or larger.
11
 A 
femoral head is considered large if it is greater than 36 mm in diameter.
10,12
 Large 
diameter heads were introduced because they can increase the range of motion while 
reducing the risk of dislocation.
11
 Large heads have more stability due to a larger “jump 
distance” between the head center and the rim of the liner.13  
The point where the modular head attaches to the stem is commonly referred to as 
the modular taper. The taper consists of two parts: the bore and the cone (figure 1.1). The 
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bore refers to the hole machined into the femoral head. The cone refers to the tapered 
neck of the femoral stem, or the portion of the stem that sticks into the bore of the 
femoral head. This can also be called the trunnion. The term taper is used because it 
describes the slight angled geometry of the bore and cone, which results in varying 
diameters across their lengths (or a taper) so that the two pieces will lock together. This is 
termed taper fixation.
7
 
 
Figure 1.1: A close-up view of the femoral stem and head showing the bore (B) and cone 
(C) of the taper junction 
 
The geometric specifications for the bore and cone are no longer standardized and 
therefore can vary from manufacturer to manufacturer in order to achieve adequate taper 
fixation.
7,14
 The length, diameter, and taper angle are the three parameters that are 
adjusted on the bore and cone. This thesis uses two terms to refer to the length of the 
cone. Trunnion depth refers to how much of the cone resides inside of the bore. Contact 
length describes how much of the cone is in direct contact with the inside wall of the 
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bore. Contact length can be equal to trunnion depth, depending on the specific design 
(figure 1.2).  
  
Figure 1.2: Basic diagrams comparing trunnion depth and contact length 
The length of the cone affects the overall neck length, which is selected based on the 
desired neck offset for a given patient. The length of the bore, or bore depth, varies to 
adjust the position of the center of the head in relation to the axis of the stem. This affects 
the head offset and leg length. Neck diameter is changed in order to ensure an optimal 
head-neck ratio. The rationale for changing these three design parameters is described in 
further detail later in this chapter. The proximal end of the neck (DP) is smaller in 
diameter than the distal end of the neck (DD). The difference in these two diameters is 
controlled by the taper angle; thus a smaller taper angle results in a more traditional 
cylinder, and a larger taper would make the neck look more like a traditional cone. The 
bore also has a similar taper, and the difference between the cone taper and the bore taper 
is one factor that affects the strength of the taper fixation after assembly. 
Contact lengths typically range from 13 to 17 mm for “standard tapers”, although 
shorter neck cones only 10 – 12 mm in length recently have been introduced.9 Neck 
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cones with these smaller contact lengths are called “mini tapers” and they were designed 
to reduce the amount of neck cone protruding distally from the modular head in order to 
increase the impingement-free range of motion.
9
 Typical neck diameters are 14 mm/16 
mm (proximal diameter/distal diameter), 12 mm/14 mm, or 11 mm/13 mm.
9,15
 These 
slimmer neck cone designs were introduced to allow for a favorable head-neck ratio 
when using large diameter heads.
16
 
Biomechanics 
The hip joint endures extremely large forces during activities of daily living, as 
documented by Bergmann et al using THR prostheses instrumented to measure loading 
conditions in situ. The instrumented prostheses contain sensors that measure the 
magnitude and direction of the acting forces and moments. A 9.5 x 6 mm telemetry 
transmitter also inside the prostheses contains a unique chip that transmits the data 
wirelessly outside the body. The load magnitude experienced by the hip is affected by 
femoral and pelvic bone anatomy, the muscles around the hip joint, the patient’s body 
weight, joint range of motion, and the type of activity being performed. As shown in 
figure 1.3, the vector of the hip joint reaction passes through the center of the femoral 
head. This is true for natural anatomy and for a THR prosthesis. This joint load can vary 
extensively depending on activity. 
17,18
 For example, joint loads vary from 2.87 to 2.95 
times the patient’s body weight (BW) for slow walking and from 2.03 to 4.69 times BW 
for walking 5 km/hr on a treadmill.
17
 Hip flexion and added muscle activity during 
climbing and descending stairs results in joint loads of approximately 1.65 to 5.30 times 
BW.
17
 Joint loads for entering and exiting a car range from approximately 1.99 to 2.97 
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times BW, similar to the 2.67 to 2.72 times BW for entering or exiting a bathtub.
17,18
 
Stumbling, which results in high muscle activity and unpredictable movements from loss 
of balance can lead to joints loads in excess of 5.5 times BW.
17,19
  
 
Figure 1.3: Diagram of the relationship between abductor muscles and head offset 
The abductor muscles of the hip are affected by the head offset (figure 1.3). It is 
important to maintain a proper head offset in order to restore the biomechanics of the hip. 
Anatomical head offset refers to the distance between the center of the head and the 
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abductor muscles. The position of the head center can be adjusted in a THR prosthesis by 
moving it proximally or distally along the axis of the neck, and this ultimately changes 
the anatomical head offset. Moving the head center distally along the neck axis shortens 
the head offset and therefore decreases the moment arm of the abductor muscles. In this 
manner, patients’ biomechanics are altered and they feel weaker due to the need to exert 
more force to induce the same movements. To produce a movement, a moment is created, 
which is dependent on the moment arm (or head offset) and the force (exerted by the 
muscles). Therefore, to keep the moment the same, decreasing the head offset (moment 
arm) will require the muscles to exert a larger force. In contrast, if the center of the head 
is moved proximally along the neck axis, the head offset increases. This increases the 
moment arm of the abductor muscles as the greater trochanter is displaced further lateral 
to the pelvic and head center. The patients will feel stronger since a lower muscle force is 
required to accomplish the same movements when the moment arm (head offset) is 
increased. 
The off axis anatomy of the hip head relative to the long axis of the femur induces 
a bending moment in the femur. Under static equilibrium during one-legged stance, the 
moment induced by the body weight acting through the center of the head is balanced by 
the joint musculature acting at the greater trochanter. A larger body weight combined 
with a larger abductor muscle force will produce a greater joint reaction force on the hip 
joint, passing through the center of the head. Increasing the joint reaction force directly 
increases the bending moment experienced by the stem. Furthermore, as the distance 
from the head center to the long axis of the stem and femur increases, the moment arm 
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increases and the resulting bending moment increases. The joint musculature balances 
this bending moment by applying a force at a different point on the femur, and attempts 
to pull the femur and prosthesis in the opposite direction, therefore balancing the joint 
and minimizing the moment actually experienced. Based on these biomechanical 
considerations, surgeons may choose to implant components that increase the head offset 
for specific clinical reasons. Using a modular head that increases the distance between the 
head center and the stem axis has consequences for stress in the stem and femoral bone 
and for the function of the abductor muscles.  
 
Figure 1.4: Angles β and α are used to calculate the component forces of the joint 
reaction force (F) shown here passing through the center of the head. HH, HD, and TD 
are used to calculate the head-neck moment arm (HMA). 
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The geometry of the bore-cone taper junction has implications for how the joint 
reaction force acts at the proximal end of the femoral neck (the cone in the bore-cone 
taper junction). This geometry can be described by the distance between the proximal end 
of the neck cone and the center of the femoral head, which is referred to as the head-neck 
moment arm (HMA) (figure 1.4). When the center of the femoral head and the end of the 
femoral neck are aligned, the HMA is equal to 0. Clinically, this is referred to as a neutral 
neck length (figure 1.5). However, when HMA is greater than 0, meaning the end of the 
neck and the center of the head are not aligned, then the joint reaction force passing 
through the center of the head will create a moment about the end of the femoral neck 
(figures 1.6 and 1.7). The larger the HMA, the greater the moment experienced at the 
proximal end of the femoral neck. Clinically, positive HMA is referred to as long neck 
length and negative HMA is referred to as short neck length. 
 
Figure 1.5: Basic drawing of the femoral head and neck when the HMA = 0 and the head 
was considered to be in "neutral" position 
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Figure 1.6: Basic drawing of when the HMA value was positive and the THR was 
considered a longer neck. 
 
 
 
Figure 1.7: Basic drawing of when the HMA value was negative and the THR was 
considered a shorter neck 
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Therefore, moving the head proximally along the axis of the neck, away from the 
long axis of the stem, increases the neck length and results in a positive HMA (figure 
1.6). Surgeons want to increase the neck length because this effectively increases leg 
length and the head offset distance (figure 1.3), assuming the stem position is constant. 
Increasing (or decreasing) the leg length is sometimes necessary in order to insure it is 
equal in length with the contralateral limb.  
There are several design strategies used to vary neck length (vary HMA). Some 
manufacturers offer “lateralized” stems in which the neck-stem angle (angle β in figure 
1.4) is smaller to effectively increase the neck offset and “lateralize” the abductor 
attachment on the greater trochanter relative to the center of the hip head. Another 
strategy is to decrease the depth of the bore in the femoral head. However, modular 
femoral heads initially were typically 22-32 mm in diameter, which did not provide 
enough material for secure fixation of the bore-cone taper. The head designs were then 
modified to have a metal extension off the base of the head, also known as a “skirt” or an 
extended flange neck (figure 1.8). This design change accommodated different bore 
depths to increase the neck length while providing a secure modular taper junction 
between the head and the neck taper. However, unanticipated problems with instability, 
dislocation, and accelerated wear occurred during clinical use of skirted heads due to 
impingement between the skirt and the rim of the UHMWPE acetabular liners.
20–22
 The 
skirts decreased the ratio of head diameter to neck diameter which caused impingement 
due to the neck colliding more easily with the rim of the polyethylene liner over a given 
arc of motion and led to UHMWPE wear and surface deformation.
20–29
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Figure 1.8: Skirted head (left) vs. standard head (right) 
Malik et al concluded that a head-neck ratio less than 2.2 greatly increases the risk of 
impingement, which is the situation commonly found in skirted heads.
20,26
 Manufacturers 
then started making their stem necks thinner/narrower or trapezoidal shaped to try to get a 
favorable ratio.
28
 Manufacturers also determined that larger diameter femoral heads (> 
32mm) provided suitable material for adjusting the HMA while still achieving stabile 
taper modularity without the need for a skirt. The large diameter heads were initially 
designed for their increased stability, but they also had the added benefit of a favorable 
head-neck ratio.
20,26
 Femoral heads that are at least 36 mm in diameter provide a head-
neck ratio greater than 2.2 for typical cone tapers and neck geometries, effectively 
reducing the risk of impingement associated with the decreased head-neck ratio seen in 
skirted heads.
20
 
 14 
Modular Head-Neck Junction Surface Damage 
Designs such as the skirted heads and the large diameter femoral heads served as 
solutions for the desire to increase neck length to meet clinical demands discussed 
previously. In both of these design options, increased neck length is achieved by 
increasing the HMA. However, with the use of larger metal heads, especially in MoM 
bearings, there has been an associated increase in reported cases of corrosion at the bore-
cone junction.
10,12,15,30
 Therefore, it is important to understand whether or not altering 
HMA contributes to the corrosion and damage seen at the modular interface. Retrieval 
studies have analyzed the prevalence of corrosion on the bores and cones of modular 
head-neck tapers.
8,10,11,15,16,31,32
 These studies utilized the semi-quantitative corrosion 
scoring system first proposed by Goldberg et al and other measurement tools to analyze 
the severity of the corrosion.
8,11,16
 Other studies have focused on specific design factors 
or patient factors possibly contributing to the modular taper corrosion and damage 
observed on explanted devices.
8
 One such factor in question is the HMA. 
Gilbert et al studied the relationship between HMA and corrosion using an in 
vitro test set-up that assessed the propensity for mechanically assisted corrosion. Their 
study showed that increasing the HMA to +6 mm increases corrosion at the modular 
head-neck junction. They also concluded that a +6 mm HMA increases the bending 
moment and changes the interface motions at the modular junction. THR prostheses with 
0 mm HMA typically experienced a pistoning motion, whereas the +6 mm HMA THRs 
experienced a rocking motion.
33
 It is possible that the increased bending moment and the 
different micromotion at the neck exceed the design tolerance of the taper, resulting in 
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corrosion. It is likely that the corrosion is initiated from mechanical wear of the surface 
due to the micromotion, as such mechanical phenomena can cause fretting of the surfaces 
and disrupt the protective oxide layer of the metal alloys.
31
 The mechanical forces 
damage the surface, and along with the body fluids, create an environment conducive to 
corrosion. This corrosion mechanism has been described by many researchers as 
mechanically assisted crevice corrosion (MACC). 
MACC combines the concepts of fretting and crevice corrosion. Fretting is a type 
of surface damage that results from micromotion between interfacing metals.
8
 Crevice 
corrosion occurs when two pieces of the same type of metal are in close contact with one 
another, but are separated by a small gap sufficient for altering oxygen concentrations. 
Inside the crevice, there is a lower oxygen concentration and a lower pH than outside of 
the crevice.
34
 If there is fretting and disruption of the passive oxide layer inside the 
crevice, oxygen in the crevice is soon depleted and oxidation occurs in the region of 
higher oxygen content. The metals consequently release electrons outside of the crevice, 
resulting in corrosion of the metal inside of the crevice. This is of particular concern in 
vivo because body fluids trapped in those crevices create an ideal environment for 
corrosion. For example, this could occur when there is a small crevice between the 
femoral neck and the femoral head due to taper mismatch.
35,36
 Micromotion at this 
junction causes wear and fretting, damaging the initial passive layer of the metals at the 
junction. The metals then enter a cycle of intermittent repassivation as the micromotion 
continues during cyclic loading. Due to taper angle mismatch, a crevice also exists at this 
site of micromotion, allowing body fluids to become trapped and establish an 
 16 
environment that allows crevice corrosion to occur. The repassivation depletes the 
oxygen level inside the crevice and over time the pH level drops resulting in an acidic 
environment, causing permanent surface damage from corrosion.
35,37–39
  
There are a variety of factors that may contribute to MACC at modular junctions, 
such as: head size, taper geometry, material composition, neck offset and length, patient 
anatomy, patient activity levels, and other design-related factors.
37,40
 In vitro studies can 
also test the affect of metallurgical processing, surface finish, contamination of taper 
interface during assembly, force applied to assemble modular components in surgery, and 
angular mismatch between mating surfaces. Retrieval studies, however, are unable to 
control all of these parameters and consequently, there remains a need to understand how 
the in vivo environment affects the results in comparison to the in vitro models. Even 
though modularity is advantageous from the clinical perspective, the in vitro models and 
some retrieval studies show that it increases the likelihood for fretting and corrosion of 
the device.
8,10,38,41
 Galvanic corrosion can also occur because the modularity allows two 
different metals to be in direct contact with each other in a conductive electrolytic 
solution, such as a Ti alloy neck and a CoCr head in the corrosive body fluids.
8,35
 The 
metal serving as the anode (Ti alloy) loses its electrons to the cathode, resulting in 
corrosion of the anode and plating of the cathode (CoCr).
34
  
In addition to HMA, other design factors have been considered to affect MACC at 
the head-neck modular junction. Donaldson et al. used a computer model of the head-
neck modular taper junction to simulate a variety of design parameters using realistic 
variations in design, material properties, and loading parameters to predict fretting work 
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over cycles of gait. The parameters included: material couple at the head-neck junction, 
taper angle mismatch, neck diameter, head diameter, head offset, and patient weight and 
activity level. Fretting was only correlated with taper angle mismatch, head offset, and 
body weight. They reported that minimizing the angular mismatch can help minimize the 
mechanical contribution to MACC, however minimizing the mismatch narrows the 
crevice which could trap fluid and subsequently promote crevice corrosion. Additionally, 
their study showed that increasing the head offset caused a transition from relative 
“piston” to rocking” motion, and that reducing the offset to less than +5 mm can prevent 
extreme cases of fretting.
40
 
Goldberg et al conducted a large study (231 prostheses) of explanted THR 
retrieved after 1 week to 13 years of function and analyzed the effects of material 
combination, neck stiffness, head and neck moment arm, and implantation time on 
corrosion and fretting of the bore-cone interface of the modular head-neck junction. Their 
explants had a mean HMA value of -1.05 mm (range, -12.26 – 11.5 mm). Their data 
showed that HMA alone had a significant effect on corrosion, however when considered 
with implantation time and neck stiffness, HMA did not have a significant effect. Longer 
implantation time and neck stiffness both had significant effects on corrosion. The 
authors surmise that longer implantation allows more time for fretting and corrosion to 
occur. Moreover, they infer that increased neck stiffness results in less bending of the 
necks, therefore decreasing the potential for fretting to occur due to micromotion caused 
by the bending. They concluded that using a larger diameter neck would help increase the 
neck stiffness, but recognize that it could negatively affect range of motion and joint 
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stability. More severe corrosion was measured on the medial and lateral neck regions. 
Furthermore, their results showed that mixed alloy couples had higher incidences of 
corrosion.
31
 
Researchers have also focused specifically on the influence of head size on 
corrosion and fretting on the bore and cone of the modular head-neck junction.
9–12,15,40
 
Large head diameters are generally considered an improvement in modular designs 
because they increase stability, allow for increased neck length, and eliminate the risk of 
impingent.
11,13,20,26
 However there are concerns about increased surface damage on the 
modular bore-cone tapers. In a retrieval study of 74 explants with MoP articular bearings, 
Drykacz, et al. scored the severity of surface damage on the bores and cones using a 
semi-quantitative scoring method.
11
 Their results showed that the group of larger 
diameter (36 mm) femoral heads had greater average corrosion scores for both the head 
bore and the neck cone than the group of smaller diameter (28 mm) femoral heads. The 
authors concluded that the larger head sizes generate greater torque acting about the neck 
axis of the head-neck junction during daily activities, which could lead to more 
micromotion and MACC.
11
  
Other research has focused on the effect of contact area and surface topography of 
the bore-cone interface on wear and corrosion of the femoral head-neck junction. 
Panagiotidou et al performed an in vitro test in which they compared smooth neck cones 
versus rough neck cones and mini neck tapers versus standard neck tapers, all with 
custom Ti alloy necks and commercially available 28 mm CoCr heads.
42
 Standard neck 
tapers were defined as neck cones with full length contact (trunnion depth equal to 
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contact length, as defined earlier). Mini neck tapers were defined as neck cones with 
reduced surface area (contact length shorter than trunnion depth). Additionally, the HMA 
for the heads were all +8 and therefore classified as long neck. This parameter was 
chosen to induce a relatively high bending moment at the bore-cone interface. The 
prostheses were cyclically loaded from 0.1 to 3.1 kN for 10 million cycles at 4 Hz. The 
change in surface roughness and corrosion were then measured. Surface roughness was 
measured using surface profilometry and SEM. Corrosion was measured during cyclic 
loading using a potentiostatic test, which involved holding the specimen at a specified 
electric potential and recording the resultant current. The oxide layer protecting the 
surface of the neck cone acted as a semiconductor in the circuit. If this layer was 
damaged or removed, then a spike in the current was observed. The results of this study 
showed that rough surface finishes and mini neck tapers had a negative effect on the 
surface damage at modular head-neck interfaces. The authors concluded that the 
reduction of surface area in these designs increased the bending stress at the bore-cone 
interface, resulting in increased wear and corrosion. Surface changes were most evident 
on the superior part of the head taper, which coincides with the region of greatest bending 
stress. The most severe corrosion was visible where the highest magnitude of 
micromotion due to bending were generated, supporting previous reports that 
micromotion contributes to corrosion.
42
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Purpose 
With the use of larger femoral head diameters, surgeons have the option to 
increase the neck length which displaces the center of the head beyond the proximal end 
of the stem neck. Studies have shown that increasing this head-neck moment arm by 
using large diameter heads can lead to increased surface damage and corrosion.
33,40
 In an 
effort to avoid impingement and associated dislocation, surgeons also have the option to 
use stems with reduced contact area of the neck cone. Studies have shown that decreasing 
the contact area can lead to increased surface damage and corrosion.
42
 The broad 
objective of this thesis was to use explanted THR prostheses and basic mathematical 
modeling to understand how variations in component geometry, specifically the HMA 
and neck cone geometry, may impact bore-cone taper junctions. The objective was 
accomplished by 1) characterizing surface damage on modular bore-cone tapers of 
explanted THR prostheses; 2) correlating surface damage with stem design features and 
patient factors, and 3) characterizing the stress distribution in different neck designs with 
varying taper geometry. Aim 1 was achieved by establishing inclusion criteria for the 
explant study and then performing semi-quantitative visual corrosion assessment and 
measuring the percent area of corrosion to characterize the surface damage at the modular 
bore-cone taper. Aim 2 was accomplished by identifying stem design types and 
prostheses materials, measuring the taper geometry, summarizing patient demographics, 
and statistically analyzing these factors for significant correlations with surface damage. 
Finally, Aim 3 was accomplished by determining typical loading conditions for the 
explants, establishing boundary conditions for simple computational models, modeling 
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the simplified prostheses designs in SolidWorks, and then calculating the stress 
magnitude, distribution, and stem deflection. It was hypothesized that explanted THR 
prostheses would exhibit surface damage on the modular bore-cone tapers, that surface 
damage would vary with design type and taper geometry (specifically HMA and neck 
cone contact surface area), and that changing the taper geometry would affect the stress 
distribution in the neck. 
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CHAPTER TWO 
MATERIALS/METHODS 
 
Acquire Explanted Hip Prostheses 
 Explanted total hip prostheses were identified from a large archive of 228 hip 
prostheses collected through an IRB-approved implant retrieval program (Clemson 
University Retrieval of Explants Program and Registry in Orthopaedics, or CU-REPRO). 
Explants in the archive had been assigned a unique accession number, and specific design 
features for each prosthesis were cataloged in a searchable database according to standard 
operating procedures in CU-REPRO. All explants were cleaned using a standard 
operating procedure based on ASTM F2025-06(2012), which included soaking in 10% 
neutral buffered formalin (VWR International, LLC, Radnor, PA), ultrasonication in 
deionized water with a mild detergent (Liquinox, Alconox, Inc., White Plains, NY) 
followed by clean water, post-ultrasonication soaking in 100% methanol (Fisher 
Scientific, Fair Lawn, NJ), and drying with compressed air.
43,44
 Explanted hip prostheses 
were selected for inclusion if they were a total hip replacement that had a metal femoral 
stem and a metal femoral head or a ceramic head with a metal sleeve. All included 
prostheses had a modular, metal-on-metal bore-cone taper junction, consisting of either a 
metal head on a metal stem or a metal sleeve in between the ceramic head and metal 
stem. This study refers to the neck of the femoral stem as the “cone” and the inside of the 
femoral head as the “bore”, as shown in figure 1.1. Those prostheses that did not have 
both the femoral stem and femoral head components, did not have a metal head or metal 
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sleeve, and/or were not a total hip replacement (i.e. bipolar, revision system, etc.) were 
excluded from the study.  
A total of 49 THR met inclusion criteria and underwent further analysis. The 
surfaces of the modular head-neck junctions were exposed by removing the femoral head 
from the femoral stem. Femoral heads were either disassembled from the femoral stems 
at the time of revision surgery (42 stems) or were manually disassembled using a custom 
jig encircling the distal rim of the head and application of a blunt impact force (7 stems). 
Stems that could not be disassembled were excluded from this study.  
These prostheses were explanted from 17 male and 28 female subjects (gender 
was not reported for 4 prostheses), with a mean age of 63 ± 13 years (range, 31–83 
years). The mean BMI was 29 ± 7 (range, 16–44), and the mean implantation time was 8 
± 6 years (range, 3 months – 20 years). The reasons for removal included: loosening 
(n=17), infection (n=12), polyethylene wear (n=3), pain (n=3), subsidence (n=2), fracture 
(n=1), metallosis (n=1), other (n=2), not reported (n=14). These data are shown in 
Appendix A (table A.1).  
Assess Taper Surface Damage 
The neck cone of the femoral stem was divided into 4 quadrants based on the 
stem’s anatomical position, subsequently labeled as anterior-medial (AntMed), anterior-
lateral (AntLat), posterior-medial (PostMed), and posterior-lateral (PostLat) (figures 2.1 
and 2.2). When the exact anatomic orientation was unknown, the quadrants were 
assigned a zone number 1-4, where zone 1 corresponded to the bottom left quadrant, 
when holding the stem vertically upright and looking at the face of the proximal end of 
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the neck, then proceeding in a counter clockwise direction (figure 2.3). The bore of the 
femoral head was divided into proximal and distal halves, where the proximal half was 
the half deeper into the bore (anatomically proximal) and the distal half was the half 
closest to the opening of the bore (anatomically distal) 
 
Figure 2.1: Example of defined quadrants on the femoral stem necks (the cones) for the 
visual assessment for a left stem 
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Figure 2.2: Diagram of the neck cone divided into quadrants for a right stem 
 
 
Figure 2.3: The zone numbers were assigned as shown for THR prostheses in which the 
anatomic orientation was unknown. 
 
 26 
Surface damage on the modular bore-cone tapers was assessed semi-
quantitatively and quantitatively according to published methods.
31,45
 Three researchers 
visually assessed each modular bore-cone junction using an optical stereomicroscope 
(SMZ168 Series, Motic Asia, Hong Kong) with objective lenses providing magnification 
from 6x to 50x. The researchers used the 12x magnification to independently score the 
damage severity of each quadrant on the neck cone and each half of the bore of the head 
from 1 to 4, as defined in the visual assessment procedure initially proposed by Goldberg, 
et al
31
 (table 2.1). From these 6 scores, an overall score for the head-neck modular taper 
was determined by calculating the median score from the 6 individual scores for each 
explant. 
 
Score 
Severity of 
Corrosion 
and Fretting 
Criteria 
1 None 
No visible corrosion observed;  
no visible signs of fretting observed 
2 Mild 
Less than 30% of taper surface discolored or dull; single 
band or bands of fretting scars involving three or fewer 
machine lines on taper surface 
3 Moderate 
More than 30% of taper surface discolored or dull, or less 
than 10% of taper surface containing black debris, pits, or 
etch marks; several bands of fretting scars or single band 
involving more than three machine lines 
4 Severe 
More than 10% of taper surface containing black debris, 
pits, or etch marks; several bands of fretting scars 
involving several adjacent machine lines, or flattened areas 
with nearby fretting scars 
Table 2.1: Criteria for each score using the semi-quantitative visual assessment
31
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This semi-quantitative visual assessment defined a score of 1 as no visible 
corrosion and no visible signs of fretting. A score of 2 was for mild corrosion/fretting, 
which indicated that less than 30% of the surface was discolored or dull and single band 
or bands of fretting scars involving three or fewer machine lines were on the surface. 
Discoloration was defined as a tarnish film and was considered a mild form of corrosion. 
Dullness was defined as lower reflectivity caused by mild etching and was considered 
mild corrosion if it gave a splotchy appearance to the surface. Fretting was defined to be 
damaged areas with small scars, perpendicular to and interrupting machine lines, or 
irregularly-shaped flattened areas containing fretting scars. Fretting was not to be 
confused with assembly or disassembly damage which they defined as “single, narrow 
scratches that cross over many machine lines, sometimes at angles to the taper axis, or 
mildly burnished areas, continuously or intermittently running along most of the length of 
the taper axis.” Moderate fretting and corrosion received a score of 3, which meant that 
greater than 30% of the surface was discolored or dull or less than 10% of the surface 
contained black debris pits or etch marks, and that there were several bands of fretting 
scars or a single band involving more than three machine lines. Black debris, pits, or etch 
marks were considered signs of more severe corrosion than dullness or discoloration. A 
score of 4 indicated severe corrosion or fretting, meaning that more than 10% of the 
surface contained black debris, pits, or etch marks, and/or there were several bands of 
fretting scars involving several adjacent machine lines, or flattened areas with nearby 
fretting scars.
31
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The size of the surface damage area on the neck cones was assessed using 
quantitative image analysis. Calibrated high resolution digital images were acquired (D80 
camera with an AF-S MicroNikkor lens, Nikon, Tokyo, Japan) of each quadrant on the 
neck cones and publicly available software (ImageJ, NIH, Bethesda, MD) was used to 
measure damage area as a percentage of the total surface area of the cone. Digital images 
of the quadrants were acquired under standardized imaging and lighting conditions. 
Using the previously marked quadrants, 4 photographs (2185 x 2073 pixels per image) 
were taken of the neck cones (one per quadrant). An adjustable setup was used to position 
the prostheses correctly in relation to the camera. A standard reference scale (ABFO No. 
2 Photomacrographic Scale, Safariland, LLC, Jacksonville, FL) with millimeter 
graduations with 0.1 mm precision was used to calibrate the images. Individual 
calibration coefficients were derived for each image, and the average image resolution 
was 66.684 pixels/mm (range: 35.100 – 101.400 pixels/mm). Due to the curvature of the 
tapers within the planar images, a curve correction grid was required. This was necessary 
because the camera measures the projected image as a flat surface and therefore measures 
a shorter distance than the true distance in the real curved surface.
45–47
 A previously 
created grid was overlaid on each photograph, and the ImageJ software was used to 
measure damage seen within each gridline for each photograph (figure 2.4).  
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Figure 2.4: Neck cone with the overlaid gridlines in preparation for ImageJ analysis 
The circumference of each damage region was manually digitized and the total number of 
pixels within the circumference was used to calculate the damage area.
45,47
 The values 
were then converted using a previously developed algorithm that accounts for the 
curvature of the cone and the true damage area was calculated for each zone. The 
correction factors used to convert the values to true measurements were based off of the 
cord length and arc length used in the grid. This algorithm takes the measurements 
defined by the grid and normalizes the damage area magnitude as a percentage of the 
region’s surface area.47 The total damaged area on the neck cone was calculated as the 
sum of the damaged areas for each quadrant. Then the percent area of corrosion was 
calculated using the specific geometry of each explant. Surface area (A) was calculated 
using the following modified equation for a truncated cone:  
  (1) 
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CL is the contact length (the length of the neck in direct contact with the walls of the 
bore), DD is the distal neck diameter, and DP is the proximal neck diameter, where DD is 
greater than DP (figure 2.5). The percent area of corrosion for each individual quadrant 
was calculated as the area of damage for that quadrant divided by a quarter of the total 
surface area. 
 
Figure 2.5: Simplified diagram of the parameters used to calculate the surface area of the 
neck cone in order to calculate the total percent area of corrosion 
 
Identify Stem Design Types and Materials 
The design of the THR has a strong effect on the success of the implant but there 
are multiple ways the design can be changed in order to ensure success for the specific 
patient. The group of 49 explanted stems showed a variety of different designs which 
means there could be confounding affects associated with these variables when analyzing 
the explanted prostheses. Robertsson et al discussed how it is unreliable to divide 
explants up based on prosthesis brand names or catalog numbers since these names and 
numbers vary too often and are not standardized.
48
 Names of prostheses will change 
 31 
without much design change, or designs will change without a name change. Catalog 
numbers vary from company to company and do not entirely prevent overlap.
48
 
The explants in this study were classified into stem types based on previously 
published criteria.
49,50
 Design types, instead of brand names or catalog numbers, were 
used as a soft classification of the prostheses based on similar attributes that previous 
studies identified. This was done in order to understand the affect of overall stem design 
and understand better what specific attributes within a stem design influence the taper 
damage at the head-neck junction. These studies identified six cementless stem types and 
two cemented stem types. The stem types were determined based on the geometry and 
location of fixation. There were two types of stems with significant sample sizes in the 
group of 49 explants included in this study: type 1 (n=10) and stem type 7 (n=16) (table 
C.1). Type 1 consists of a cementless hip stem design with single wedge geometry. 
Classified generally as a straight stem with tapered proximal fixation, type 1 stems 
narrow medially-laterally and are proximally coated. They are flat stems, thin in the 
anterior-posterior plane, and they have metaphyseal fixation.
49
  
Type 7 consisted of a cemented hip stem design and is generally classified as 
shape-closed or composite-beam type. These stems can be either straight or anatomical. 
A collar should only be considered in composite-beam stems which are undersized 
compared with the broach. Type 7 stems favor smooth or polished surface finishes. This 
stem type includes polished and rectangular canal-filling stems cemented line-to-line 
after using the largest possible broach. Furthermore, these stems need to be rigidly bound 
to the cement.
50
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Of the 49 explants included in this study, 47% (n=23) had a CoCr alloy head on a 
CoCr alloy stem, 45% (n=22) had a CoCr alloy head on a Ti alloy stem, 4% (n=2) had a 
Oxinium head on a Ti alloy stem, 2% (n=1) had a ceramic head with a Ti alloy sleeve on 
a CoCr stem, and 2% (n=1) had a ceramic head with a Ti alloy sleeve on a Ti alloy stem. 
Additionally, there were 63% MoP (n=31) bearings, 14% (n=7) MoM bearings, and 4% 
(n=2) CoP bearings. These data are shown in appendix C, table C.1. 
Measure Taper Geometry 
The geometry of the prostheses was measured using calipers (Pittsburgh 6” 
Digital Caliper, Harbor Freight Tools, Camarillo, CA), including the parameters of: 
femoral head height (HH), femoral head diameter (HD), bore depth (BD), distal neck 
diameter (DD), proximal neck diameter (DP), neck contact length (CL), and trunnion 
depth (TD). HH, HD, and TD were used to calculate the head-neck moment arm (HMA) 
(figures 1.2 and 1.4). The HMA is of particular interest due to its potential affect on the 
stress distribution in the neck and varying this parameter could contribute to the variation 
in damage measured on the neck cone surface. The HMA is defined as the distance 
between the center of the femoral head and the proximal end of the neck cone (figures 1.4 
– 1.7). The HMA was calculated using the following equation: 
   (2) 
Subtracting half of the head diameter from the head height calculates the position of the 
center of the head. This is done because some of the spherical heads are truncated to 
create a flat distal surface, therefore the center is not exactly at the radius of the sphere 
when assessed along the axis of the bore. Then subtracting the trunnion depth from this 
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value calculates the distance between the proximal end of the neck cone and the center of 
the femoral head. 
If the HMA was approximately 0 mm, then the center of the head and the end of 
the neck were coincident, and the head was considered to be in “neutral” position (figure 
1.5). If the HMA was positive, the center of the head was further away from the axis of 
the stem, moving proximally along the axis of the neck from the neutral position (figure 
1.6). If the HMA was negative, then the center of the head was closer to the axis of the 
stem, moving distally along the axis of the neck from the neutral position (figure 1.7). 
Correlate Surface Damage with Design Features and Patient Factors 
 Statistical software (Minitab® 17, Minitab Inc., State College, PA) was used to 
determine the effect of design features and patient factors on surface damage. Spearman’s 
rank order correlation test was used to identify if any significant relationships existed 
between the variables of interest. These variables included: stem type, head/stem material 
couple, bearing couple, labeled HMA, calculated HMA, head diameter, neck contact 
length, distal and proximal neck diameters, body weight, implantation time, total percent 
area of corrosion, percent corrosion for each zone/quadrant, overall visual assessment 
score, neck cone contact surface area, and neck flexural rigidity. Additionally, linear 
regression was performed on the following continuous variables to determine if percent 
area of corrosion correlated with any of these factors: HMA, contact length, distal and 
proximal neck diameters, neck cone contact surface area, neck flexural rigidity, body 
weight, and implantation time. One-way ANOVA testing with Tukey’s multiple 
comparison test was performed on the following categorical variables to understand if 
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changing these factors influenced the percent area of corrosion: stem type, taper 
zone/quadrant, head/neck material couple, bearing couple, and head diameter. All 
statistical tests were performed with α = 0.05. 
Determine Typical Loading Conditions 
Typical loading conditions for a THR prosthesis were identified based on 
previous research on patients implanted with instrumented prostheses, as reported by 
Bergmann et al and discussed in Chapter 1. The joint load on a prosthesis is related to 
both the patient’s body weight and the patient’s activity level. Therefore, it was necessary 
to first identify the range of actual patient body weights for these explants. Those data 
were then used to create a general, theoretical range of body weights that encompassed 
the actual range and included extreme high and low weights to simulate worst case 
scenario loading conditions. Finally, the joint reaction force (F) was calculated by 
multiplying theoretical patient body weights (BW) by the Bergmann Joint Reaction Force 
(Fberg), which was reported in percent body weight (equation 3).  
  (3) 
The Bergmann Joint Reaction Force (or “activity factor”) represented the forces often 
measured during typical daily activities which included: stair descending, stair climbing, 
car exit, car entry, bathtub entry or exit, stumbling, and treadmill walking at 5 km/hr. 
This “activity factor” comes from previous work by Bergmann et al and Cristofolini et 
al.
17,18
 This value varies with the activity being performed by the patient, such as 
walking, going up or downstairs, or getting into a car. The shear and compressive 
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component forces (Fs and Fc, respectively) were found by multiplying the force F by the 
sin or cosine of the angle defined as γ in figure 1.4 (equations 4-6). 
  (4) 
  (5) 
  (6) 
This angle (γ) was found by subtracting angles β and α from 180ᵒ. β is a factor of the 
stem design: the angle at which the neck attaches to the stem body. These angles were 
measured on the explanted devices and were predominantly 130ᵒ or 135ᵒ. The angle α 
was derived from Bergmann et al’s study which reported the variation in the angle of the 
joint reaction force during the previously mentioned activities. Stair descending and 
treadmill walking at 5 km/hr apply a force at a 12ᵒ angle, 14ᵒ for stair climbing, car 
exiting, and bathtub entry or exit, 16ᵒ for car entry, and 20ᵒ for stumbling. The typical 
loading conditions were therefore calculated using the range of body weights and the 
typical daily activities of a person with a THR prosthesis. 
Model Taper Geometry 
After analyzing the surfaces of the explants and determining typical loading 
conditions, a simple computational model of the prostheses was created to simulate the 
stresses experienced in the neck of a THR prosthesis. The boundary conditions for the 
applied forces were the typical minimum and maximum loading conditions and model 
geometry was derived from the actual head and stem geometry measured from the 
explanted devices, as described previously. Small and large extreme values for the forces 
and dimensions were chosen for the model and calculations in order to ensure that the 
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model was tested in worst case scenarios. The materials chosen for the models 
represented the ones most commonly used in a femoral stem (Ti alloy and CoCr alloy), as 
well as two materials that represented extreme cases (ceramic and aluminum) for 
comparison purposes. The material properties are listed in Appendix B (table B.1). 
SolidWorks (Dassault Systèmes SolidWorks Corporation, Waltham, MA) was 
used to assess the stresses due to bending at the head-neck junction and at the neck-stem 
body junction using a computational model of a generic, simplified prosthesis model. In 
order to verify that SolidWorks could correctly model the hip stem and calculate these 
stresses, focusing on the neck region, simplified models were created in three stages with 
increasing geometrical complexity. These models assumed a stem that was rigidly fixed 
into bone, without considering any flexibility in the bone tissues. The point of fixation 
occurred just below the collar on the hip stem. Although this model did not take into 
account the flexing behavior of the stem in the bone, this simplification allowed for 
greater focus on the neck behavior, specifically the stress magnitude, stress distribution, 
and deformation . 
The first part of stage 1 modeled the neck as a cantilever beam consisting of a 
solid cylinder with a uniform diameter rigidly fixed to the stem (figure 2.6), where l is the 
neck length, D is the neck diameter, and Fs is the shear component force of the applied 
load. In this particular model, the Fs values used were 500 N and 4450 N, determined 
based on the criteria described above. The stress distribution was determined using FEA 
analysis and the maximum stress was calculated. Additionally, deflection was calculated 
using SolidWorks to see how this property changed with the different geometry and 
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material combinations. SolidWorks calculates deflection and stresses using the 
displacement formulation of the finite element method. It discretized the geometry using 
tetrahedral mesh. The stress it reports is a von mises stress value. Part 2 of Stage 1 
included adding a compressive force component (Fc) to this model to verify that 
SolidWorks can accurately calculate the total stress. The joint reaction forces used in this 
second part were 1000 and 8500 N. Broken into the component forces necessary for 
SolidWorks, the model was tested under a 588 N shear force and a 809 N compressive 
force, followed by a 4250 N shear force and a 7361 N compressive force. 
 
Figure 2.6: Basic drawing of the Stage 1 Model 
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Figure 2.7: Simplified drawing of the stage 2 model in neutral position. This model was 
also tested with shorter and longer neck configurations by adjusting the HMA (figures 1.6 
and 1.7). 
 
After the first model was validated against simple hand calculations of maximum 
stress due to the applied bending moment and compressive stress, Stage 2 was 
commenced using the same model as Stage 1, but this time with a sphere on the end to 
simulate the femoral head (figure 2.7). This model was used to verify that adding the 
femoral head does not change the stress distribution when the head center is aligned with 
the proximal end of the neck (HMA = 0 mm). Additionally, this model also varied the 
HMA values (figures 1.5 – 1.7) in order to assess their impact on the stress distribution in 
the simplified model. The HMA value was the parameter of interest in this model, 
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therefore it was the only parameter varied. This model incorporated a CoCr alloy head on 
a Ti alloy stem. The head diameter was 54.00 mm and the head height was 38.00 mm. 
The neck length was 50.00 mm and the neck diameter was 16.00 mm, which was also the 
bore diameter. The shorter neck model used an HMA of -10.00 mm. This required the 
trunnion depth (TD) to be 21.00 mm and the bore depth (BD) to be 23.00 mm. The bore 
was designed to be 2.00 mm deeper than the trunnion depth to recreate how actual 
femoral heads are designed with 2 mm between the end of the neck and the bottom of the 
bore. The neutral neck used an HMA of 0.00 mm, a TD of 11.00 mm, and a BD of 13.00 
mm. The longer neck model used an HMA of +3.00 mm, a TD of 8.00 mm, and a BD of 
10.00. The HMA values represented worst case scenarios based on the range of HMA 
values measured from the 49 explants. Additionally, the longer neck model was also 
simulated with an aluminum head on a Ti alloy stem to see how SolidWorks treated the 
assembly. If truly modeled as separate entities, there should be deformation seen on the 
aluminum head, however the simple model assumes rigid fixation (infinite friction) 
between the modular head bore and neck cone. Only one loading condition was used in 
this model, which was consistent with a joint reaction force of 8500 N (similar to the 
force experienced when stumbling), broken into its vector components (shear force of 
4250.00 N and compressive force of 7361.00 N). 
Stage 3 used the same basic cylinder model with the spherical head as stage 2 
(figure 2.8), except this time the cylinder model of the neck was attached to the fixed 
point at varying angles (β). This was done to more accurately represent how the neck is 
attached to the stem body. The value for β was 130ᵒ as described previously (figure 1.4). 
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In this model the HMA value was still the most important parameter of interest, therefore 
all other parameters remained constant while the HMA value changed. The values for 
these parameters (geometry, material, and loading conditions) were the same ones used in 
stage 2. 
 
Figure 2.8: Simplified drawing of the stage 3 model in neutral position. This model was 
also tested with shorter and longer neck configurations by changing the HMA (figures 1.6 
and 1.7). 
 
In order to verify the stress and deflection measurements produced by SolidWorks 
were within expected ranges, these values were also calculated in Excel for stage 1. In the 
stage 1 model, the maximum stress due to bending is expected at the distal end of the 
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neck where it attaches to the stem body, or in this case the fixed end in the SolidWorks 
model. This tensile stress is caused by a moment about the distal end of the neck as a 
result of the shear force component (Fs) arising from the hip joint reaction force. This is a 
simplified version of the actual stress experienced at the point of interest; however it 
would show whether or not SolidWorks was calculating stress in the same way. This 
served to provide confidence in the model before the models became too complex to 
calculate by hand. The equations used in this calculation originated from Euler-Bernoulli 
beam theory and included equations 3, 4, and 6, as well as: 
  (7) 
   (8) 
  (9) 
 (10) 
Fs was needed in order to calculate the moment (M) causing the stress due to bending 
(σB). The moment was the product of Fs and the neck length (l). The neck length was 
measured on the explanted THRs as the distance from the proximal end of the neck to the 
top of the metaphyseal fixation region (the start of the porous coating) or just below the 
collar, depending on stem type. In the equation for the bending stress, c represents the 
distance between the neutral axis and outermost point of the neck, which for a solid 
cylinder is equal to the radius of the cylinder. I is the moment of inertia for a cylinder, 
which is dependent on the neck diameter (D). The values used for the neck diameter were 
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derived from the distal neck diameter values (DD) measured on the explanted THR 
prostheses (figure 2.5). 
 Deflection was calculated using the following equation for deflection (δ) of a 
cylindrical cantilever beam using Euler-Bernoulli beam theory: 
  (11) 
Deflection is the measure of the displacement of the neutral axis from its original 
position. It is dependent on the force applied at a point on the free end of the beam (in 
this case the shear force applied at the proximal end of the neck), the length of the beam 
(l), the elastic modulus (E) of the material of the beam, and the moment of inertia of the 
beam (in this case a cylinder).  
Once it was confirmed that SolidWorks was accurately calculating the desired 
stress and deflection, the more complex stage 2 and 3 models were generated with 
confidence. 
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CHAPTER THREE 
RESULTS 
 
Surface Damage Characterization 
 In general, the prevalence of severe corrosion was relatively low and 
approximately half of the 49 explanted THR had little to no visual evidence of corrosion 
at the head-stem modular taper junction. Using the semi-quantitative visual scoring 
assessment, 21 (43%) stems had median scores of 1 to 1.5 indicating no corrosion, 19 
(39%) stems had median scores of 2 to 2.5 indicating mild corrosion, 5 (10%) stems had 
median scores of 3 to 3.5 indicating moderate corrosion, and 4 (8%) stems had median 
scores of 4 indicating severe corrosion (figure 3.1).  
 
Figure 3.1: The majority of the explanted THR prostheses had low visual assessment 
scores (2.5 or less) consistent with little or no corrosion. 
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The quantitative analysis showed that mean percent area of corrosion for the neck cones 
was 8.20% ± 13.69% (range, 0.00% to 56.33%). The median percent area of corrosion 
was 0.86%. Twenty-four (49%) of the explanted THR had 0.00% corrosion, whereas 12 
(24%) explanted THR had greater than 10% of the neck cone surface area corroded 
(figure 3.3). When only those 12 stems with evident corrosion were analyzed separately, 
the percent area of corrosion averaged 28.85% ± 13.40% (range, 12.29% to 56.33%). 
 These results confirm the hypothesis that some explanted THR prostheses exhibit 
surface damage on the modular bore-cone tapers that is consistent with fretting and 
corrosion. There was a significant positive correlation between quantitative percent area 
of corrosion and the damage scores from the semi-quantitative visual assessment 
(ρ=0.800, p<0.001). Neck cones with higher damage scores had larger percent areas of 
corrosion (figure 3.2). Considering that the two methods of damage assessment were 
statistically similar, only percent area of corrosion is reported hereafter and input as a 
continuous variable in the statistical analysis. 
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Figure 3.2: Neck cones with higher damage scores had larger percent areas of corrosion 
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Figure 3.3: The majority of the explants had small percent area of corrosion values. The red bars indicate the mean and median 
percent area of corrosion values for the entire set of explants. The black bars indicate the mean and median for just the 12 
explants with greater than 10% of their surfaces corroded. 
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Effect of Stem Type 
 Stem type was not a significant factor affecting the percent area of corrosion 
(p=0.577), which did not support the hypothesis. The two most common stem types were 
type 1 and type 7, accounting for 18% (n=9) and 33% (n=16) of the explanted stems, 
respectively. Since stem type was a not a significant factor, it was not necessary to divide 
the sample set based on stem type and the entire sample set was included in further 
analyses. 
Effect of Material Combination 
 The combination of head and stem materials was not a significant factor affecting 
the percent area of corrosion (p = 0.534). The 49 explants consisted of 51% (n=25) with 
mixed metal couples and 49% (n=24) with similar metal couples at the modular head-
neck junction (tables 3.1 and C.1) There was no significant difference in the percent area 
of corrosion of mixed alloy couples versus similar alloy couples (p=0.524). Similarly, the 
bearing couple material was not a significant factor affecting the percent area of 
corrosion (p=0.690). The explants consisted of 63% MoP (n=31) bearings, 14% (n=7) 
MoM bearings, and 4% (n=2) CoP bearings (tables 3.2 and C.1). The percent area of 
corrosion on the modular head-neck tapers of the MoP prostheses was not significantly 
different from the MoM prostheses (p=0.620).  
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Head/Stem 
Material 
Couple 
Visual 
Corrosion? 
Sample 
Size (n) 
Mean Total Percent 
Area of Corrosion [%] 
Standard 
Deviation 
Mixed 
No 11 0 0 
Yes 14 17.88 14.64 
Similar 
No 13 0 0 
Yes 11 13.76 17.17 
Table 3.1: There was no significant difference in the percent area of corrosion of mixed 
alloy couples vs. similar alloy couples (p=0.524). 
 
Bearing 
Couple 
Visual 
Corrosion? 
Sample 
Size (n) 
Mean Total Percent 
Area of Corrosion [%] 
Standard 
Deviation 
MoP 
No 18 0 0 
Yes 13 16.61 18.87 
MoM 
No 0 0 0 
Yes 7 12.75 9.35 
CoP 
No 0 0 0 
Yes 2 14.85 3.61 
Table 3.2: The percent area of corrosion on the modular head-neck tapers of the MoP 
prostheses was not significantly different from the MoM prostheses (p=0.620). 
 
Effect of Taper Quadrant 
 The amount of corrosion did not vary significantly between the different regions 
on the neck cone (table C.4). Table 3.3 compares the average percent area of corrosion 
values for each quadrant. The PostMed quadrant had the largest average percent area of 
corrosion (20.39%) while the AntMed quadrant had the smallest average percent area of 
corrosion (13.11%). Neck cone quadrant was not a significant factor affecting the percent 
area of corrosion (p=0.577). 
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Quadrant 
Visual 
Corrosion? 
Sample 
Size (n) 
Mean Total Percent 
Area of Corrosion 
[%] 
Standard 
Deviation 
AntMed 
No 24 0 0 
Yes 20 13.11 14.48 
PostMed 
No 24 0 0 
Yes 20 20.39 21.66 
PostLat 
No 24 0 0 
Yes 20 18.35 18.07 
AntLat 
No 26 0 0 
Yes 18 15.75 13.49 
Table 3.3: Neck cone quadrant was not a significant factor affecting the percent area of 
corrosion (p=0.577). 
 
Effect of Head Diameter 
 Head diameter was not a significant factor affecting the percent area of corrosion 
(p=0.600). The head diameters ranged from 22.00 mm – 50.00 mm (table C.2). Of the 49 
heads, 33% (n=16) were classified as large diameter heads, meaning they had a diameter 
greater than or equal to 36.00 mm, while 67% (n=33) had a head diameter less than 36.00 
mm, 23 of which were 28 mm in diameter. The large diameter heads included in this 
study did not have significantly more corrosion than the smaller diameter heads 
(p=0.788) (table 3.4). 
Head Size 
Visual 
Corrosion? 
Sample 
Size (n) 
Mean Total Percent 
Area of Corrosion 
[%] 
Standard 
Deviation 
Less than 36 mm 
No 19 0 0 
Yes 14 16.21 18.59 
Greater than or Equal to 36 
mm 
No 5 0 0 
Yes 11 16.50 11.59 
Table 3.4: The large diameter heads included in this study did not have significantly more 
corrosion than the smaller diameter heads (p=0.788). 
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Effect of HMA 
 Changing the neck length, through use of a head having a longer or shorter HMA, 
was not correlated with percent area of corrosion, as shown in figure 3.4 (p=0.731).  
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Figure 3.4: There was no significant correlation between HMA and corrosion. 
R
2
=0.0025; y = 8.80 + 0.202x 
 
These results do not support the hypothesis that surface damage varies with HMA. The 
mean calculated HMA was -3.00 mm ± 3.41 mm (range, -9.96 to +4.68) (table C.2). As 
described in Chapter 2, a negative HMA value meant the center of the head was distal to 
the proximal end of the neck, closer to the stem body. A positive HMA value meant the 
center of the head was proximal to the end of the neck, farther away from the stem body. 
The neutral position (HMA = 0.00 mm) was defined as when the center of the head was 
coincident with the proximal end of the neck. As expected, the calculated HMA values 
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were significantly correlated with the neck length values labeled on the prostheses by the 
manufacturers (ρ=0.677; p=0.000). The majority of explanted THR prostheses had 
negative HMA values, consistent with a reduction in the neck length relative to the stem 
geometry. There were 10% (n=5) of the explants with positive HMA values, 73% (n=36) 
with a negative HMA value, and 16% (n=8) in the neutral position (table 3.5). When 
analyzing just the explants with some degree of corrosion (excluding the explants with 
0% corrosion), there was only one sample for the positive HMA group, therefore there 
were not enough samples to determine if moving the center of the head relative to the 
neutral position, specifically in the proximal direction, significantly changed the amount 
of corrosion measured at the head-neck junction for this subset of explants. 
HMA 
Visual 
Corrosion? 
Sample 
Size (n) 
Mean Total Percent 
Area of Corrosion 
[%] 
Standard 
Deviation 
Negative 
No 18 0 0 
Yes 18 14.38 13.45 
Neutral 
No 2 0 0 
Yes 6 22.24 22.08 
Positive 
No 4 0 0 
Yes 1 9.27 0 
Table 3.5: Changing the neck length, through use of a head having a longer or shorter 
HMA, was not correlated with percent area of corrosion (p=0.731). 
 
Effect of Neck Cone Contact Surface Area 
 Decreasing the length of contact and the contact surface area between the neck 
cone and the head bore did not increase the amount of corrosion on the surface of the 
neck cone. The percent area of corrosion was not significantly correlated with neck cone 
contact surface area (p=0.267), which does not confirm the stated hypothesis. The mean 
contact length was 12.00 mm ± 2.12 mm (range, 8.44 to 17.06 mm) and the mean contact 
 51 
surface area was 477.16 mm
2
 ± 96.38 mm
2
 (range, 318.43 mm
2
 to 721.13 mm
2
) (table 
C.3). Of the 49 stems, 59% (n=29) would be classified as a “mini taper” because their 
contact lengths were less than or equal to 12 mm. Decreasing the contact surface area did 
not increase the amount of corrosion on the neck cone (figure 3.5).  
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Figure 3.5: Decreasing the contact surface area did not increase the amount of corrosion. 
R
2
=0.0262; y = 19.16 - 0.0230x 
 
Additionally, the percent area of corrosion was not correlated with contact length 
(p=0.388). However, the percent area of corrosion was significantly negatively correlated 
with both the distal and proximal neck diameters (p=0.000, R
2
=0.25; p=0.000, R
2
=0.30, 
respectively), as shown in figures 3.6 and 3.7. The mean distal diameter was 13.16 mm ± 
1.22 mm (range, 9.93 to 16.04 mm). The mean proximal diameter was 12.16 mm ± 1.26 
mm (range, 8.72 to 14.51 mm) (table C.3). As the distal and proximal neck diameters 
decreased, the percent area of corrosion increased (figures 3.6 and 3.7). 
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Figure 3.6: Percent area of corrosion decreased as distal neck taper diameter increased. 
R
2
=0.25; y = 82.5 – 5.65x 
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Figure 3.7: Percent area of corrosion decreased as proximal neck taper diameter 
increased. R
2
=0.30; y = 80.5 – 5.95x 
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Effect of Neck Flexural Rigidity 
 The percent area of corrosion was negatively correlated with the flexural rigidity 
of the neck (p=0.007, R
2
=0.1441). As the flexural rigidity of the neck decreased, the 
percent area of corrosion increased (figure 3.8). The mean flexural rigidity was 262.01 N-
m
2
 ± 151.82 N-m
2
, (range, 109.01 to 747.33 N-m
2
) (table C.3). Flexural rigidity is a 
measure of the neck stiffness and it is highly affected by taper diameter. As evident from 
the moment of inertia equation (equation 9) for a solid cylinder, changing the diameter 
changes the stiffness by a power of 4. Since neck diameter was proven to correlate with 
corrosion, it is logical then that flexural rigidity significantly impacted corrosion, too. 
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Figure 3.8: Percent area of corrosion decreased as neck flexural rigidity increased. 
R
2
=0.1441; y = 17.17 – 0.0342x 
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Effect of Implantation Time 
 The percent area of corrosion was not significantly correlated with implantation 
time (p=0.510). The mean implantation time was 7.92 years ± 6.28 years (range, 0.25 to 
20 years); however this information was unknown for approximately 31% (n=15) of the 
explants, which is a limitation of the CU-REPRO collection (table A.1). A longer in vivo 
duration did not impact the amount of corrosion measured on the neck cone. 
Effect of Body Weight 
 The percent area of corrosion was significantly correlated with body weight 
(p=0.022, R
2
=0.13). However, when analyzing just the explants that had some degree of 
corrosion (therefore removing the ones with 0% corrosion), percent area of corrosion was 
not significantly correlated with body weight (p=0.463, R
2
=0.0303). The mean body 
weight was 178.83 lb ± 49.51 lb range, 88.63 to 300.00 lb). Figures 3.9 and 3.10 show 
that there was a non-linear trend between body weight and percent area of corrosion. As 
body weight initially increased, percent area of corrosion had an increasing trend and 
then decreased again after a certain body weight. It is possible that percent area of 
corrosion had a decreasing trend after a certain weight due to a decrease in activity level 
that can be common among heavier patients. Therefore, the prostheses of these patients 
potentially endured less cyclic loading (due to a low daily activity level) that could 
initiate the fretting and corrosion mechanisms. Therefore, it is important to consider 
patient activity and its impact on corrosion mechanisms. 
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Figure 3.9: Percent area of corrosion increased as body weight increased, when including 
0% area corrosion values. R
2
=0.13; y = -8.89 + 0.0903x 
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Figure 3.10: Body weight did not affect corrosion when analyzing only the explants with 
some degree of corrosion (therefore excluding the explants with 0% area of corrosion). 
R
2
=0.0303; y = 5.4 + 0.0474x 
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Effect of Activity on Prosthesis Loading 
 The typical loading conditions (joint reaction force) for THR prostheses during 
various activities of daily living have been reported using instrumented prostheses, as 
described in Chapter 2 and reported through the OrthoLoad database of Bergman et al.
51
 
The range of actual patient body weights associated with the explanted prostheses was 
used to estimate the possible joint loads experienced during different activities. 
Considering the patient body weights ranged from 89 to 300 lbs, the loads were estimated 
using body weights of 500 – 1500 N, in 250 N increments. Since the actual patient 
activity levels were unknown for nearly all of the explants; the activity factors 
determined by the method of Bergman et al were used to estimate a range of joint loads 
possible during different activities. As discussed in Chapter 2, the activity factor 
represented the typical activity-specific force exerted on the prosthesis in terms of percent 
body weight. The product of the activity factor and body weight was equal to the 
estimated joint reaction force. Table 3.6 displays the various typical daily activities and 
the corresponding average loads exerted on the prosthesis during these activities. 
Activity Mean Load [N] Range [N] 
Stair Descending & Climbing 3080 ± 1217 1540 - 4620 
Car Exit 2340 ± 925 1170 - 3510 
Car Entry 2670 ± 1055  1335 – 4005  
Bathtub Entry or Exit 2850 ± 1127  1425 – 4275 
Stumbling 5650 ± 2233  2825 – 8475  
Treadmill Walking at 5 km/hr 3490 ± 1380  1745 – 5235  
Table 3.6: The load endured by the prosthesis varied with activity. 
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Stumbling proved to exert the greatest force on the prostheses. Exiting a car exerted the 
lowest amount of force of all the typical daily activities (figure 3.11). As expected, 
increasing the body weight increased the load endured by the explant. Overall, the range 
of forces the prosthesis endured was 1170 N – 8475 N. The boundary conditions for the 
loads when testing a computational model, as described below, were therefore set at 1000 
N and 8500 N for the joint reaction force passing through the center of the head. These 
values tested the model at extreme scenarios to understand the behavior of the model. 
 
Figure 3.11: Daily activity affected the amount of force the prosthesis endured. 
Stumbling exerted the greatest force, while exiting a car exerted the smallest force. 
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Effect of Taper Geometry on Stress Distribution 
Boundary conditions for the geometry in the simple computational model were 
established using the actual dimensions of the explanted THR. The neck diameters of the 
explanted THR ranged from 8.72 mm to 14.35 mm, and the neck lengths ranged from 
25.84 mm to 46.37 mm. The neck lengths in the model were therefore set at 20 mm and 
50 mm, to represent extremely short and long necks. Each of these necks was modeled 
using 6 mm and 16 mm diameters. Each set of neck geometries was modeled in 4 
different materials. These materials were chosen to represent the actual explant materials 
(CoCr alloy, Ti alloy), as well as two materials that would illustrate the worst case 
scenarios of extreme high modulus (such as ceramic) and low modulus behavior. The 
more complex models added a large head with a diameter of 54.00 and a head height of 
38.00 mm. The HMA values used were -10.00, 0.00, and +3.00 to encompass the entire 
range of HMA values for the actual explants included in this study. 
In total 24 models were generated with varying neck lengths, neck diameters, 
HMA, materials, and loading conditions. Calculations in Excel confirmed that 
SolidWorks accurately calculated the stress and deflection for the first simple models of 
the cantilever beam with a cylindrical cross section. This provided confidence that 
SolidWorks would be able to calculate the stresses and deflection in the more complex 
models having varied neck diameter, neck length, HMA, and materials. Tables 3.16 and 
3.21 - 3.23 illustrate the stress distributions across the necks of the simple models. Tables 
3.17 – 3.20 and 3.24 show the deflection of the models under the specified loads. The 
greatest stresses and deflection occurred in the thinnest and longest neck designs (tables 
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3.7 and 3.12). Stress magnitude and deflection both increased as the load increased. 
Additionally, deflection increased as the elastic modulus of the material decreased (tables 
3.8-3.11). The maximum stress always occurred at the distal end of the neck, where it 
was fixed to the stem body, and on the superior and inferior sides of the neck. The 
maximum deflection always occurred at the proximal end of the neck. Increasing the 
HMA increased the stress magnitude and deflection when all other variables were held 
constant (tables 3.12 – 3.15). Therefore, the SolidWorks models did not support the 
stated hypothesis that taper geometry and HMA would affect the stress distribution in the 
neck; however they did affect the magnitude of the stresses in the neck. Overall, 
SolidWorks was an effective tool for an initial, simple analysis of the effect of taper 
geometry and HMA on stress. 
Stage 1: Calculating the Stress on the Distal End of the Neck (σ) *MPa+ 
Neck Length 
(l) [mm] 
Neck Diameter (D) 
[mm] 
Shear Force Component (Fs) [N] 
500 4450 
20 
6 436 3889 
16 26 231 
50 
6 1090 8722 
16 62 554 
Table 3.7: Stress increased as load increased in the simple cantilever beam model. The 
longest, thinnest neck experienced the most stress. 
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Tables 3.8 – 3.11: Deflection increased with decreasing elastic modulus. 
Calculating Deflection (δ) *mm+ for a Ti Alloy Neck 
Young's Modulus [GPa] = 110 Shear Force Component (Fs) [N] 
Neck Length (l) [mm] 
Neck Diameter 
(D) [mm] 
500 4450 
20 
6 0.201 1.785 
16 0.006 0.049 
50 
6 2.978 22.410 
16 0.063 0.558 
Table 3.8 
 
Calculating Deflection (δ) *mm+ for a CoCr Alloy Neck 
Young's Modulus [GPa] = 230 Shear Force Component (Fs) [N] 
Neck Length (l) [mm] 
Neck Diameter 
(D) [mm] 
500 4450 
20 
6 0.096 0.857 
16 0.003 0.024 
50 
6 1.428 12.130 
16 0.030 0.267 
Table 3.9 
Calculating Deflection (δ) *mm+ for a High Modulus Neck 
Young's Modulus [GPa] = 350 Shear Force Component (Fs) [N] 
Neck Length (l) [mm] 
Neck Diameter 
(D) [mm] 
500 4450 
20 
6 0.063 0.565 
16 0.002 0.016 
50 
6 0.941 8.207 
16 0.020 0.176 
Table 3.10 
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Calculating Deflection (δ) *mm+ for a Low Modulus Neck 
Young's Modulus [GPa] = 70 Shear Force Component (Fs) [N] 
Neck Length (l) [mm] 
Neck Diameter 
(D) [mm] 
500 4450 
20 
6 0.315 2.782 
16 0.009 0.077 
50 
6 4.657 30.140 
16 0.098 0.873 
Table 3.11 
 
Stage 1, Part 2: Calculating the Total Stress on the Distal End of the Neck (σT) [MPa] 
Neck Length (l) 
[mm] 
Neck Diameter (D) 
[mm] 
Shear and Compressive Forces (Fs; Fc) [N] 
588; 809 4250; 7361 
20 
6 544 4550 
16 36 269 
50 
6 1456 18539 
16 76 560 
Table 3.12: Stress increased as neck length increased and neck diameter decreased under 
shear and compressive forces. Stress increased as load increased. 
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Stage 2: Calculating the Stress (σ) *MPa+ on the Distal End of the Neck with varying HMA 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
Neck 
Length 
(l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
Head-
Neck 
Moment 
Arm 
(HMA) 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Bore 
Depth 
(BD) 
[mm] 
Shear 
Force 
(Fs) [N] 
Compressive 
Force (Fc) 
[N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 50.00 16.00 
-10.00 21.00 23.00 400.64 
0.00 11.00 13.00 515.51 
3.00 8.00 10.00 591.17 
Low 
modulus 
material 
Ti Alloy 38.00 54.00 50.00 16.00 3.00 8.00 10.00 568.18 
Table 3.13: Stress increased with increasing HMA. 
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Stage 3: Calculating the Stress (σ) *MPa+ on the Distal End of the Neck with varying HMA, fixed at an angle β = 130ᵒ 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
Neck 
Length 
(l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Bore 
Depth 
(BD) 
[mm] 
Shear 
Force 
(Fs) [N] 
Compressive 
Force (Fc) 
[N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 50.00 16.00 
-10.00 21.00 23.00 377.95 
0.00 11.00 13.00 525.44 
3.00 8.00 10.00 602.56 
Low 
modulus 
material 
Ti Alloy 38.00 54.00 50.00 16.00 3.00 8.00 10.00 597.37 
Table 3.14: Stress increased as HMA increased. 
 
Stage 3: Calculating Deflection (δ) *mm+ for a Ti Alloy Neck, fixed at angle β = 130ᵒ 
Young's Modulus 
[GPa] = 
110 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
Neck 
Length 
(l) 
[mm] 
Bore 
Diameter 
(DB) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Bore 
Depth 
(BD) 
[mm] 
Shear 
Force 
(Fs) [N] 
Compressive 
Force (Fc) 
[N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 50.00 16.00 
-10.00 21.00 23.00 0.27 
0.00 11.00 13.00 0.54 
3.00 8.00 10.00 0.65 
Low 
modulus 
material 
Ti Alloy 38.00 54.00 50.00 16.00 3.00 8.00 10.00 0.66 
Table 3.15: Deflection increased as HMA increased 
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Stage 1: Stress Distribution in the Neck (σ) *Pa] 
Neck 
Length 
(l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
Shear Force Component (Fs) [N] 
500 4450 
20 
6 
 
 
16 
 
 
Table 3.16: The largest stresses were concentrated at the distal end of the neck on the superior and inferior sides. Please note 
that SolidWorks plots the thicker neck in an altered perspective that makes it appear shorter than the actual value. 
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Stage 1: Stress Distribution in the Neck (σ) *Pa] 
Neck 
Length 
(l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
Shear Force Component (Fs) [N] 
500 4450 
50 
6 
 
 
16 
 
 
Table 3.16 Continued 
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Calculating Deflection (δ) *mm+ for a Ti Alloy Neck 
Young's 
Modulus 
[GPa] = 
110 Shear Force Component (Fs) [N] 
Neck 
Length 
(l) [mm] 
Neck 
Diameter 
(D) [mm] 
500 4450 
20 
6 
 
 
16 
 
 
Table 3.17: The proximal ends of the necks experienced the greatest deflection. 
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Calculating Deflection (δ) *mm+ for a Ti Alloy Neck 
Young's 
Modulus 
[GPa] = 
110 Shear Force Component (Fs) [N] 
Neck 
Length 
(l) [mm] 
Neck 
Diameter 
(D) [mm] 
500 4450 
50 
6 
  
16 
 
 
Table 3.17 Continued 
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Calculating Deflection (δ) *mm+ for a CoCr Alloy Neck 
Young's 
Modulus [GPa] = 
230 Shear Force Component (Fs) [N] 
Neck Length (l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
500 4450 
20 
6 
  
16 
  
Table 3.18: Deflection increased from the distal end to the proximal end of the neck. 
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Calculating Deflection (δ) *mm+ for a CoCr Alloy Neck 
Young's 
Modulus 
[GPa] = 
230 Shear Force Component (Fs) [N] 
Neck 
Length (l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
500 4450 
50 
6 
 
 
16 
 
 
Table 3.18 Continued 
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Calculating Deflection (δ) *mm+ for a High Modulus Neck 
Young's 
Modulus 
[GPa] = 
350 Shear Force Component (Fs) [N] 
Neck Length 
(l) [mm] 
Neck Diameter 
(D) [mm] 
500 4450 
20 
6 
  
16 
 
 
Table 3.19: The largest deflection was at the proximal end of the neck. These necks had the smallest deflection values. 
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Calculating Deflection (δ) *mm+ for a High Modulus Neck Neck 
Young's 
Modulus 
[GPa] = 
350 Shear Force Component (Fs) [N] 
Neck 
Length (l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
500 4450 
50 
6 
 
 
16 
 
 
Table 3.19 Continued 
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Calculating Deflection (δ) *mm+ for a Low Modulus Neck 
Young's 
Modulus 
[GPa] = 
70 Shear Force Component (Fs) [N] 
Neck Length 
(l) [mm] 
Neck Diameter 
(D) [mm] 
500 4450 
20 
6 
 
 
16 
 
 
Table 3.20: Deflection increased from the distal end to the proximal end. These necks had the largest deflection values. 
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Calculating Deflection (δ) *mm+ for a Low Modulus Neck 
Young's 
Modulus 
[GPa] = 
70 Shear Force Component (Fs) [N] 
Neck 
Length (l) 
[mm] 
Neck 
Diameter 
(D) [mm] 
500 4450 
50 
6 
 
 
16 
  
Table 3.20 Continued 
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Stage 1, Part 2: Stress Distribution in the Neck (σT) [Pa] 
Neck 
Length 
(l) [mm] 
Neck 
Diameter 
(D) [mm] 
Shear and Compressive Forces (Fs; Fc) [N] Titanium 
588; 809 4250; 7361 
20 
6 
 
 
16 
 
 
Table 3.21: The stress increased gradually from the proximal end to the distal end. 
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Stage 1, Part 2: Stress Distribution in the Neck (σT) [Pa] 
Neck 
Length 
(l) [mm] 
Neck 
Diameter 
(D) [mm] 
Shear and Compressive Forces (Fs; Fc) [N] Titanium 
588; 809 4250; 7361 
50 
6 
  
16 
 
 
Table 3.21 Continued 
 76 
 
Stage 2: Stress Distribution (σ) *Pa] in the Neck with varying HMA 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Shear Force (Fs) [N] Compressive Force (Fc) [N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 
-10.00 21.00 
 
0.00 11.00 
 
Table 3.22: The highest stresses were concentrated at the distal end of the neck for all HMA values. 
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Stage 2: Calculating the Stress (σ) *Pa] on the Distal End of the Neck with varying HMA 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Shear Force (Fs) [N] 
Compressive Force (Fc) 
[N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 3.00 8.00 
 
Low 
Modulus 
Material 
Ti Alloy 38.00 54.00 3.00 8.00 
 
Table 3.22 Continued 
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Stage 3: Stress Distribution (σ) *Pa] in the Neck with varying HMA, fixed at an angle β = 130ᵒ 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Shear Force (Fs) [N] Compressive Force (Fc) [N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 
-10.00 21.00 
 
0.00 11.00 
 
Table 3.23: Stress increased gradually from the proximal end of the neck for all HMA values. 
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Stage 3: Stress Distribution (σ) *Pa] in the Neck with varying HMA, fixed at an angle β = 130ᵒ 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Shear Force (Fs) [N] 
Compressive Force (Fc) 
[N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 3.00 8.00 
 
Low 
Modulus 
Material 
Ti Alloy 38.00 54.00 3.00 8.00 
 
Table 3.23 Continued 
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Stage 3: Calculating the Deflection (δ) *mm] on the Neck with varying HMA, fixed at an angle β = 130ᵒ 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Shear Force (Fs) [N] Compressive Force (Fc) [N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 
-10.00 21.00 
 
0.00 11.00 
 
Table 3.24: The proximal end of the neck experienced the greatest deflection for all HMA values. 
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Stage 3: Calculating the Deflection (δ) *mm] on the Neck with varying HMA, fixed at an angle β = 130ᵒ 
Head 
Material 
Stem 
Material 
Head 
Height 
(HH) 
[mm] 
Head 
Diameter 
(HD) 
[mm] 
HMA 
[mm] 
Trunnion 
Depth 
(TD) 
[mm] 
Shear Force (Fs) [N] 
Compressive Force (Fc) 
[N] 
4250.00 7361.00 
CoCr 
Alloy 
Ti Alloy 38.00 54.00 3.00 8.00 
 
Low 
Modulus 
Material 
Ti Alloy 38.00 54.00 3.00 8.00 
 
Table 3.24 Continued 
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CHAPTER FOUR 
DISCUSSION 
 
 The broad objective of this thesis was to use explanted THR prostheses and basic 
mathematical modeling to understand how variations in component geometry, 
specifically the HMA and neck cone geometry, may impact bore-cone taper junctions. 
The objective was accomplished by 1) characterizing surface damage on modular bore-
cone tapers of explanted THR prostheses; 2) correlating surface damage with stem design 
features and patient factors; and 3) characterizing the stress distribution in different neck 
designs with varying taper geometry. It was hypothesized that explanted THR prostheses 
would exhibit surface damage on the modular bore-cone tapers, that surface damage 
would vary with design type and taper geometry (specifically HMA and neck cone 
contact surface area), and that changing the taper geometry would affect the stress 
distribution in the neck. 
 This thesis successfully characterized the surface damage on modular bore-cone 
tapers of 49 explanted THR prostheses with a metal stem and a metal femoral head or a 
ceramic head with a metal sleeve. A published, semi-quantitative method for visual 
assessment of corrosion effectively scored the degree of surface corrosion evident on the 
modular tapers of each explant. Most of the explants analyzed had little or no corrosion at 
the modular head-neck taper junction, but a subset (24%) had severe corrosion scores. 
These data are within the range previously reported in published explant studies. Higgs et 
al reported that 40% of their 60 MoM THR prostheses from 5 different manufacturers 
had severe corrosion of the neck cone taper at the modular head-neck taper junction.
8
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Goldberg et al reported 5% of 132 similar alloy couples (CoCr head-CoCr neck) with 
severe corrosion of the neck cone taper and 7% of 89 neck cone tapers of mixed alloy 
couples (CoCr head-Ti alloy neck).
31
 Matthies et al reported that 0% of their 36 large 
head (36 mm diameter) MoM explants had severe corrosion on the neck cone.
10
 The 
results of these explant studies show that the prevalence of severe corrosion on the neck 
cone is moderately low, however it is still important to identify which factors contribute 
to the severe corrosion occurring in certain prostheses in order to better predict the 
outcome of THR prostheses. 
 ImageJ was successfully used to quantitatively measure the percent area of 
corrosion on the explants using the high resolution digital images. The percent area of 
corrosion was positively correlated with the semi-quantitative visual assessment scores. 
The explants with a score of 4 had the largest percent areas of corrosion and the explants 
with a score of 1 had the lowest percent areas of corrosion, as was expected. The semi-
quantitative visual assessment scoring criteria defined moderate and severe corrosion 
(scores of 3 and 4) as occurring when the damage is greater than 30% for discoloration or 
dullness of the taper surface and any presence of black debris, pits, or etch marks (less 
than 10% for a 3 and greater than 10% for a 4). The results from the percent area of 
corrosion measurements in ImageJ corroborated the results of the scoring assessment 
since the explants with higher scores also had percent areas of corrosion greater than the 
10% and 30% necessary to be scored a 3 or 4. Furthermore, only 31% of the neck cones 
had measurable corrosion greater than 10% percent of the total surface area. This 
substantiated the results from the visual scoring assessment, demonstrating that the 
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prevalence of severe corrosion of the neck cone was moderately low. However, the 
results did support the hypothesis that there would be some degree of surface damage on 
the modular bore-cone tapers of the explanted THR prostheses. 
Previous studies reported the importance of differentiating between designs when 
analyzing explants in retrieval programs however there is not a uniform system for 
classifying the designs.
48,52
 An existing classification system
49,50
 was used in this thesis to 
define stems with particular design characteristics, but the results showed that percent 
area of corrosion did not significantly correlate with stem type. Identifying the design 
types allowed the results of this thesis to be generalized and more easily replicated by 
other research groups, however it was not necessary to divide the data based on stem type 
for further statistical analyses. 
 This thesis successfully analyzed the correlation between the measured stem 
design features (particularly the taper geometry), prostheses materials, the patient factors, 
and percent area of corrosion. The results of this thesis did not find a significant 
correlation between head diameter and percent area of corrosion. Previous studies have 
expressed concern over the use of large diameter heads and their effect on corrosion.
9–
12,15,40
 The majority of the explanted heads included in this thesis were not considered 
large diameter heads, with 33% of the 49 heads having a diameter greater than 36 mm. 
Dyrkacz et al analyzed the neck cones of 40 explants with MoP bearings and found a 
significant correlation between corrosion and head diameter. Prostheses with a 36 mm 
head had more corrosion than 28 mm heads, but they had a low percentage of necks 
paired with large diameter heads (12.5%).
11
 However, Donaldson et al’s in vitro study, 
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Langton et al’s MoM retrieval study, Meyer et al’s MoM retrieval study, and Nassif et 
al’s MoM retrieval study agreed with the results from this thesis and did not show a 
correlation between taper damage and head diameter. These differing results illustrate the 
importance of having significant sample sizes in order to identify significant 
relationships. Furthermore, these results also demonstrated that the effect (or lack of 
effect) of head size on corrosion can be misinterpreted due to confounding effects of 
other variables since corrosion can be affected by many different parameters. 
 The relationship between HMA and corrosion of the explants included in this 
thesis was successfully analyzed and compared to previous in vitro studies. The lack of 
correlation between HMA and corrosion of the explants in this thesis was inconsistent 
with the results published from previous in vitro tests by Gilbert et al and Donaldson et 
al. The Gilbert et al study showed that when they tested THR prostheses with HMA 
values of +6 mm under simulated physiologic loading conditions, they had evidence of 
more severe corrosion than the THR prostheses with an HMA of 0 mm.
33
 There were not 
any explants studied in this thesis that had an HMA value of +6 mm. The maximum 
HMA value was +4.68 mm. There was not a significant correlation between the percent 
area of corrosion on the explants in this study and their HMA values, however it is 
possible that the HMA values for the explants in this study are below a critical threshold 
where HMA value becomes damaging. It is possible that Gilbert et al’s data showed a 
correlation between HMA and severity of corrosion because their +6 mm necks were 
above this threshold, and that any HMA values shorter than this length will not 
noticeably influence HMA. The explants included in this study that did show severe 
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corrosion and were below this +6 mm mark could have been corroded as a result of 
mixed alloy coupling, taper angle mismatch, implantation time, or patient body weight 
and/or activity level. Additionally, Gilbert et al’ s in vitro study could control specific 
parameters that are unknown/uncontrollable when performing a retrieval study, such as 
impaction force, lifetime loading cycles and magnitude, etc. Therefore, they could 
minimize the effect these variables have on taper damage but those effects could not be 
controlled in the explants possibly leading to different results. The small HMA values 
could also explain why the prevalence of severe corrosion in this group of explants was 
moderately low. Explants with larger HMA values are needed in order to draw more firm 
conclusions about the impact of HMA on corrosion.  
The results of the explants analyzed in this thesis and the results from the finite 
element model in the Donaldson et al’s study were also inconsistent in regards to head 
offset. Donaldson’s group measured center offset (CO) to be the distance from the center 
of the head to the midpoint of the bore depth (figure 4.1).
40
 This thesis measured the 
HMA, which also aims to show how the position of the center of the head can change 
relative to the stem. The equivalent CO value can be found using the following equation:  
   (12) 
The 2 accounts for the fact that the end of the trunnion (neck cone) is typically designed 
to be 2 mm shorter than the bore depth (figure 4.1).  
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Figure 4.1: Simplified diagram comparing the center offset term (CO) to the head neck 
moment arm (HMA). BD represents bore depth. There is a standard 2 mm gap between 
the end of the neck cone and the bottom of the bore. 
 
Donaldson’s group tested CO values from -5 mm to +20 mm. The negative value implied 
that the center of the head was distal to the midpoint of the bore, closer to the stem body. 
A CO equal to 0 was when the center of the head was coincident with the midpoint of the 
bore. A positive value indicated that the center of the head was farther away from the 
stem body, moving proximally along the neck axis from the midpoint of the bore. The 
results of Donaldson et al’s study showed that more severe damage was noted once the 
CO exceeded +5 mm.
40
 The equivalent CO values for the explants in this thesis were 
calculated from the actual measured HMA values, and it was found that 37% (n=18) of 
the 49 THR prostheses included in this study had CO values greater than +5 mm meaning 
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they are above the critical threshold identified by Donaldson et al and could contribute to 
severe corrosion on the taper. However, the results from the surface characterization in 
this thesis do not completely support those model predictions. There were only 2 explants 
that had a CO greater than +5 and severe corrosion. There were 2 explants that 
experienced severe corrosion but had a CO value in what Donaldson defined as a safe 
range below +5 mm. This is possible because corrosion severity is really a combination 
of factors that affect the surface damage. For instance, it could be possible that the 
explants with CO values greater than +5 mm that did not have severe corrosion were 
implanted in patients with lower body weights, and therefore even with the large CO 
values the forces their body exerted on the prostheses were not enough to initiate 
damaging micromotion or stress. Additionally, it is possible that the explants were not 
implanted long enough to see the effects of a large CO value on the neck cone surface. 
For the explants with severe corrosion but theoretically safe CO values, it is possible that 
the patients were overweight and therefore the forces exerted on the prostheses were so 
large that they caused increased micromotion or stress at the neck even for the smaller 
CO values. Additionally, it is possible that the implants were implanted for a long enough 
duration that corrosion occurred due to the amount of time the metal was exposed to the 
corrosive body fluids and experienced a large enough number of cyclic loading to cause 
corrosion. Furthermore, as with the Gilbert et al study, Donaldson et al’s in vitro study 
could control all of the variables in their test setup, but many of these variables were 
uncontrollable when studying the explants, highlighting how in vitro modeling does not 
always predict what will happen in vivo. 
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Donaldson et al’s study did not find a relationship between neck diameter and 
corrosion; however the group of explants in this thesis did have a significant correlation 
between percent area of corrosion and neck diameter.
40
 Donaldson et al tested neck cones 
with distal diameters ranging from 12 mm – 14.5 mm. The explants included in this 
thesis had distal neck diameters ranging from 9.93 mm – 16.04 mm. The results showed 
that increasing neck diameter was significantly correlated with decreasing percent area of 
corrosion for the explants in this thesis. This can be attributed to the fact that increasing 
the thickness of the neck increases the neck stiffness (or flexural rigidity) by a power of 
4. Goldberg et al explained this relationship in their explant study and concluded that a 
stiffer neck will bend less, therefore decreasing the potential for fretting due to 
micromotion caused by the bending.
31
 The results of this study showed a significant 
correlation between percent area of corrosion and flexural rigidity. Donaldson et al’s 
study might not have shown this trend because they tested a smaller range of diameters in 
comparison to the range of diameters of the explants in this thesis. The effect of neck 
diameter on corrosion might not have been as significant in their study because the 
diameters did not vary enough to show noticeable differences in corrosion severity. 
Panagiotidou et al’s in vitro test concluded that reducing the surface area of the neck cone 
increases the bending stress at the bore-cone interface, resulting in increased wear and 
corrosion.
42
 The results of this thesis did not show a significant correlation between 
contact surface area and percent area of corrosion. However, there is an indirect 
relationship between corrosion and contact surface area since changing the neck diameter 
changes the surface area, and neck diameter was significantly correlated with corrosion. 
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Panagiotidou et al also included varying taper lengths in their study that identified the 
effect of contact surface area on corrosion. They compared “mini tapers” and “standard 
tapers” and the results showed that the mini tapers had more corrosion (due to the 
decreased surface area of mini tapers).
42
 Of the 49 explants included in this thesis, 59% 
(n=29) were classified as “mini tapers” because they had a contact length less than or 
equal to 12 mm, and 41% (n=20) were “standard tapers”. There was not a significant 
correlation between contact length and percent area of corrosion. It is possible that the 
different results between these studies are related to different loading conditions. The 
previous report used controlled cyclic loading, whereas the loading conditions in the 
patients were unknown. 
The results of the explant analysis in this thesis and the results from Donaldson et 
al’s study were consistent in regards to the correlation between body weight and 
corrosion. The Donaldson et al study showed that when they simulated various 
parameters, including material couple at the head-neck junction, taper angle mismatch, 
neck diameter, head diameter, head offset, and patient weight and activity level, fretting 
was correlated with body weight.
40
 Their in vitro study simulated body weights ranging 
from 411.88 N to 1608 N, and damage increased as body weight increased. The results of 
this thesis also showed a significant correlation between percent area of corrosion and 
body weight. The patients in this group had body weights ranging from 394.25 N to 
1334.47 N, which are mostly within the range tested by Donaldson et al. The data also 
showed that percent area of corrosion increased with increasing body weight. There were 
some exceptions to this pattern, which can be potentially explained by the body weight – 
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wear paradox. Patients with a heavier body weight tend to be less active than people of a 
lower body weight and therefore their prostheses experience less cyclic loading. This can 
be expanded to say that with less cyclic loading, their prostheses experience less 
micromotion therefore resulting in less corrosion.  
The geometries that were measured to characterize specific design parameters 
were also used to establish boundary conditions for simple computational models of the 
neck, along with the typical loading conditions of the prostheses based off of actual body 
weights and previous work by Bergmann et al. This thesis successfully used simple 
computational tools to model explant geometry. These models proved valuable for 
calculating stresses that exist in simple shapes under physiological loads. Common 
desktop modeling software (SolidWorks) was useful for modeling the proximal head-
neck geometry as a simple cantilever beam consisting of a solid, uniform-diameter 
cylinder rigidly fixed to the stem. The FEA feature of SolidWorks calculated the stress 
distribution, maximum stress, and deflection, and this was confirmed using simple hand 
calculations based off of Euler-Bernoulli beam theory. This confirmation provided 
enough confidence in SolidWorks’ capabilities to create the more complex models. 
Ultimately this analysis showed that SolidWorks could serve as a reliable tool for a basic 
understanding of the stress occurring in the neck before proceeding to more complex 
models and programs. The results from these models showed on a basic level that 
changing HMA and taper geometry does not change the distribution of stress, but it does 
impact the magnitude of the stresses. It is important to understand that HMA and taper 
geometry change the magnitude of the stresses in order to ensure that the device is 
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designed to withstand these changes. More complex models are needed, though, to 
accurately represent the complex interface issues. This simple model was limited because 
the bore-cone was considered a perfect fit with no micromotion at the bore-cone junction, 
no taper mismatch, and perfectly smooth surfaces. 
This retrieval analysis contained some limitations. There were a limited number 
of prostheses, as only 49 (21%) of the 228 hip prostheses in the CU-REPRO collection 
had both an explanted metal femoral head (or ceramic head with a metal sleeve) and an 
explanted metal femoral stem. The designs of the prostheses included in the analysis were 
limited to what was received by the retrieval program, and therefore it could not be 
guaranteed that each design factor had a significant number of samples and were equally 
represented. For instance, there were a small number of MoM couples; therefore this was 
not a strong study for looking at whether MoM leads to corrosion. Furthermore, specific 
parameters could not be as controlled as they are in in vitro studies, such as prosthesis 
assembly, known exact bore-cone dimensions prior to testing, and duration and 
magnitude of loading. 
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CHAPTER FIVE 
ENGINEERING SIGNIFICANCE 
 
 Explant analysis is not only an important tool in research labs, but it is also a 
critical step for medical device companies. Researchers in explant laboratories can have 
comparable roles as quality engineers in industry since they both require similar problem 
solving skills. Medical device manufacturers are required to monitor their device 
throughout its lifespan by performing post-market surveillance. It is crucial that when a 
device fails the manufacturers analyze this device to understand the problem. Often, only 
a small subset of devices is actually available for analysis, so it is important to gain 
broader context through literature review. Explant studies can require advanced tools, 
such as powerful microscopes or interferometers, to analyze the failed devices and find 
trends amongst sample sets. Manufacturers have different sets of tools available to them, 
but the underlying principle is the same: they want to identify why the device failed. On a 
daily basis these engineers might not use all of the failure analysis tools available, but 
they need to understand what tools exist, how to interpret the results, identify solutions, 
and translate them into action. For instance, engineers in industry have access to the test 
data submitted with a 510(k) for that device and they can compare that to the actual data 
related to the failed device. It is possible to analyze all of the design specifications, and 
even process specifications. Specifications for the failed device can be compared to the 
required specifications to see if that is the problem, or it is possible to analyze the lot of 
material used to fabricate the device. Each step of the process will be analyzed to isolate 
the root cause of the failure and make changes as necessary. Often times these industry 
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engineers will contact experts in the research laboratories performing explant studies to 
understand if this is an isolated issue or common across manufacturers, and whether or 
not there are any serious trends related to the failure. Therefore, as an engineer in a 
research lab, it is important to understand what kind of devices are coming into the 
retrieval program, why they failed, what the current trends are, and what tools are needed 
to identify these issues. Developing these skills is valuable for people communicating and 
collaborating with medical device companies or if they choose to pursue a career in 
industry. 
 Model validation is a useful tool for both industry and explant studies. This thesis 
indirectly performed a model validation in which explanted THR prostheses were used to 
validate the results of previous in vitro tests examining corrosion at the bore-cone 
interface of the modular head-neck junction. In vitro studies are common and effective 
tools in engineering because they allow for a very controlled test set up and collection of 
data on specific parameters while minimizing other confounding variables. The in vitro 
tests designed to study corrosion of the neck cone and head bore could select specific 
values for parameters, such as assembly force, that are uncontrollable and often unknown 
in explant studies. This allows the researchers to keep that variable constant and only 
vary the parameter(s) of interest, such as the HMA. This thesis aimed to validate these in 
vitro models and see whether or not these in vitro test results are actually consistent with 
what is happening after in vivo use of THR prostheses. In vitro tests have shown a 
positive correlation between corrosion and increased HMA. The results from this explant 
study did not show a correlation between increased HMA and severity of corrosion at the 
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bore-cone interface of the modular head-neck junction. Variations in explants are 
sometimes too great to draw conclusions about subtle details such as HMA on the order 
of mm. 
 It is also important to understand what engineering tools are effective for 
producing simplified models necessary for the preliminary stages of analysis and the 
limitations of these tools. It is not always affordable, time-effective, or necessary to call 
in an expert to analyze data or failed devices. Therefore, engineers need to know when 
and how to use simple models and basic failure analysis tools. The results of this thesis 
show that SolidWorks can successfully create simplified models of a THR prosthesis 
fixed below the collar of the stem, however it does have its limitations. SolidWorks can 
accurately model the stress distribution in the neck (as verified by calculations in Excel), 
but when the model would experience extremely high stresses or deflection due to 
applying a large load to a thin, long neck, the model became less accurate. Therefore, this 
basic model is better at representing the stress distribution of a THR prosthesis in more 
realistic dimensions versus extreme, worst case scenarios. Additionally, these models 
were created in collaboration with another young engineer with no knowledge of failure 
analysis or explant analysis. This team dynamic was realistic of the structure in industry. 
It simulated how a project manager would delegate responsibilities to a team member 
who would then present the results back to the manager. This emphasized the importance 
of knowing how to interpret computational models because of the diverse skills on 
engineering teams. The manager’s specific role does not encompass making the actual 
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models, but he/she needs to understand what these models represent in order to 
communicate effectively with his/her team members. 
The explants studied in this thesis and the in vitro models and explants studies 
reported previously illustrate how a small engineering design change can have a large 
impact.
31,53
 For instance, Tanino et al showed that designing polyethylene acetabular 
liners to be 1 mm deeper significantly reduces the occurrence of dislocation. 
Manufacturers have also changed their designs on the order of millimeters to increase the 
head offset in order to achieve appropriate leg length and biomechanics. However, 
moving the center of the head only a few millimeters farther away from the proximal end 
of the neck significantly increases the stress the neck endures which it may not be 
designed to withstand. Additionally, manufacturers decreased the diameter of the necks 
by a few millimeters to increase the head neck ratio (to minimize impingement); however 
this drastically decreases the flexural rigidity (stiffness) of the neck by a power of 4.
31
 
The increased stress and increased micromotion associated with these design changes can 
negatively impact the stability and surface finish of this interface. This shows how 
making one small design change to optimize one property can have significant 
downstream effects that engineers must consider before implementing any changes. 
Studying these explants showed how engineers must be careful when making 
design changes, but it also emphasized how surgeons need to be careful when deciding 
which THR prosthesis design is best for their patient. Modular implants are clearly 
showing damage at the head-neck junction, however the benefits of modularity are too 
significant to advise against their use entirely. Therefore, surgeons and manufacturers 
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should work closely together to understand the possible adverse affects that could occur 
when choosing certain design features in different types of patients. The relationship 
between HMA and other variables needs to be better understood in order to identify 
which combinations are safe and which ones can lead to damage of the modular junction. 
More research should be conducted to identify what range of values is safe for HMA and 
what values could ultimately overstress the implant and damage the bore-cone interface. 
It is important for research studies to communicate their results in such a way that 
they are clear, comparable to similar studies, and replicable for future studies. However, 
it is also just as important for research groups to know how to communicate their results 
to clinicians. Researchers must understand how their results need to be translated or 
presented in terms that are meaningful to clinicians. This thesis analyzed the head-neck 
moment arm, which is the distance from the center of the head to the proximal end of the 
neck cone. The concept of moving the center of the head along the neck axis is not 
foreign to clinicians; however they understand it in terms slightly different from the 
HMA defined in this thesis and other research studies. To a clinician, moving the head 
center along the axis of the neck is not changing the “HMA” it is changing the “neck 
length”. Clinicians understand magnitudes of neck length based on the system used by 
manufacturers. The manufacturer’s coordinate system is different than what is commonly 
used in research studies. They define their origin at a point distal to the proximal end of 
the neck cone. Therefore, their “neutral” position would actually correspond to a negative 
HMA value, as defined using the coordinate system in this thesis. Moving the center of 
the head distal to the manufacturer’s origin is what a surgeon would call a “short neck”, 
 98 
and moving the center of the head proximal to the origin is what a surgeon would call a 
“long neck”. Researchers must understand clinicians’ definitions of these terms in order 
to know how to effectively communicate their results in a way that is meaningful to the 
clinicians. For example, a +6 mm HMA would actually be a +10 mm using the 
coordinate system familiar to surgeons. It is important for the clinicians to be able to 
understand the results of research studies so that they can understand the impact on their 
patients, such as how much they are adjusting the patient’s leg length. If it was not clear 
to the surgeon that a +6 mm HMA was different (and longer) than the +6 mm neck they 
are familiar with, then they might inadvertently make the patient’s leg too long. 
Explant studies provide data that are valuable to all facets of the medical device 
community, from the surgeons, to manufacturers, and to other research groups. Explant 
studies can be used to identify problems with devices, which can be communicated back 
to stakeholders in ways that are meaningful to them. Understanding why devices fail is a 
key aspect of the design process that continues to drive innovation and ultimately lead to 
changes that can improve patient health, safety, and comfort. The effects of HMA and 
taper geometry studied in this thesis are just two examples of how explant studies can add 
to the knowledge about what design parameters contribute to the success or failure of a 
device. Additionally, this thesis demonstrated the importance of explant studies for 
developing failure analysis skills that can be translated into other settings such as quality 
engineering at a medical device company. Furthermore, it emphasized how in vitro 
models can replicate the in vivo environment in many ways, but the body is such a 
complex system that in vitro models always have room for improvement related to 
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predicating how a device will perform in vivo. There is still more information to learn 
about the damage of the bore-cone modular junction in order to maintain the clinical 
benefits of modularity but minimize the design failures. 
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Appendix A 
Patient Data 
 
Accession 
Number 
Gender Age [yrs] 
Body Mass 
Index (BMI) 
[kg/m2] 
Implantation 
Time [yrs] 
Explantation 
Rationale 
Category 
H0006_09? Unknown Unknown Unknown Unknown Not reported 
H0024_09? Unknown Unknown Unknown Unknown Not reported 
H0028_10R Female 76 25.92 12 
poly wear; 
loosening; 
osteolysis 
H0032_10L Male 82 Unknown Unknown pain 
H0033_10L Male 73 Unknown 12 pain 
H0042_10L Male 75 26.73 12 
subsidence; 
loosening 
H0043_10R Female 63 31.05 Unknown 
subsidence; 
loosening 
H0048_10L Female 52 27.22 2.33 infection 
H0049_10R Female 57 25.40 13 
poly wear; 
loosening 
H0050_10L Male 65 36.08 Unknown Not reported 
H0063_10L Female 59 Unknown Unknown loosening 
H0069_10R Female 68 37.77 15 loosening 
H0072_10L Female 52 22.86 0.25 fracture 
H0073_10R Male Unknown 28.35 2.5 
loosening; 
infection 
H0092_10R Female 56 Unknown 2.75 loosening 
H0112_11? Male 60 38.52 7 Not reported 
H0129_11L Female 75 29.50 5 loosening 
H0153_11R Female 31 Unknown Unknown loosening 
H0167_11R Female 41 35.42 0.42 infection 
H0171_11L Male 62 21.34 Unknown osteolysis 
H0173_11L Male 72 27.88 14 Not reported 
H0187_11L Male 83 28.16 2 loosening 
H0202_11L Female 62 29.67 16 infection 
H0205_11R Female 44 36.33 12 loosening 
H0206_11R Female 66 35.74 16 poly wear 
Table A.1: Specific patient data for each explant 
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Accession 
Number 
Gender Age [yrs] 
Body Mass 
Index (BMI) 
[kg/m2] 
Implantation 
Time [yrs] 
Explantation 
Rationale 
Category 
H0210_11L Female 70 27.41 6 metallosis 
H0211_11R Female 52 18.88 3 infection 
H0216_11L Male 82 23.71 12 Not reported 
H0234_12R Female 79 30.08 Unknown Not reported 
H0245_12L Male 64 20.64 14 
loosening; 
pain 
H0249_12R Female 51 16.21 2 infection 
H0259_12R Female 36 22.00 9 infection 
H0277_12? Unknown Unknown Unknown Unknown Not reported 
H0289_12L Female Unknown 28.42 14 Not reported 
H0299_12R Male Unknown 37.52 Unknown infection 
H0301_12L Female 72 Unknown Unknown Not reported 
H0308_12L Male 72 21.30 20 loosening 
H0319_12R Female Unknown 44.29 17 osteolysis 
H0330_12L Female 75 Unknown 0.58 Not reported 
H0347_13R Male 74 27.28 16 
loosening; 
other 
H0352_13L Male 46 40.82 0.25 infection 
H0370_13R Male 47 34.70 1.5 loosening 
H0372_13L Female 62 18.98 1 Not reported 
H0377_13L Female 63 27.96 6.5 infection 
H0379_13L Female 69 27.99 1 loosening 
H0389_13L Male 61 26.89 1.17 infection 
H0398_13R Female 59 Unknown Unknown Not reported 
H0401_13? Unknown Unknown Unknown Unknown Not reported 
H0428_14R Female 63 Unknown Unknown 
infection; 
other 
Table A.1 continued 
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Appendix B 
Material Properties 
 
Material 
Young's 
Modulus 
(E) [GPa] 
Source 
Poisson's 
Ratio (ν) 
Source 
Yield 
Strength 
(σy) 
[MPa] 
Source 
Ti Alloy 110 
ASM 
Handbook 
Volume 23, 
pg 226, 
table 4 
0.31 
Donaldson_
Jbiomech_2
014_Table 
2_pg 1636 
860 
ASM 
Handbook 
Volume 23, 
pg 226, 
table 3 
CoCr Alloy 230 
ASM 
Handbook 
Volume 23, 
pg 226, 
table 4 
0.30 
Donaldson_
Jbiomech_2
014_Table 
2_pg 1636 
1000 
ASM 
Handbook 
Volume 23, 
pg 218, 
table 3 
Al 70 
ASM 
Handbook 
Volume 8, 
pg 51, table 
2 
0.345 
ASM 
Handbook 
Volume 8, 
pg 55, table 
4 
35 
ASM 
Handbook 
Volume 8, 
pg 51, table 
2 
Ceramic 
(Al2O3) 
350 
ASM 
Handbook 
Volume 23, 
pg 226, 
table 4 
0.26 
ASM 
Handbook 
Volume 18, 
pg 813, 
Table 1 
380 
(flexural 
strength) 
ASM 
Handbook 
Volume 18, 
pg 813, 
Table 1 
Table B.1: Material properties for the materials used in the SolidWorks models 
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Appendix C 
Explant Data Used for Corrosion Correlation Analysis 
 
Accession 
Number 
Stem 
Type 
Stem 
Material 
Head 
Material 
Head/Stem 
Material 
Couple 
Bearing 
Couple 
Body 
Weight 
(BW) [lb] 
H0006_09? 1 Ti alloy CoCr alloy CoCr-Ti MoP Unknown 
H0024_09? 7 CoCr alloy CoCr alloy CoCr-CoCr MoP Unknown 
H0028_10R 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 168 
H0032_10L 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 168 
H0033_10L 8 CoCr alloy CoCr alloy CoCr-CoCr MoP 157 
H0042_10L 5 Ti alloy CoCr alloy CoCr-Ti MoP 186 
H0043_10R 2 CoCr alloy CoCr alloy CoCr-CoCr Unknown 194 
H0048_10L 3A Ti alloy CoCr alloy CoCr-Ti MoM 148 
H0049_10R 7 CoCr Alloy CoCr alloy CoCr-CoCr MoP 126 
H0050_10L 1 Ti alloy CoCr alloy CoCr-Ti Unknown 230 
H0063_10L Unknown CoCr Alloy CoCr alloy CoCr-CoCr MoP Unknown 
H0069_10R 7 Ti alloy CoCr alloy CoCr-Ti MoP 257 
H0072_10L Unknown CoCr alloy CoCr alloy CoCr-CoCr MoP 140 
H0073_10R 3A Ti alloy CoCr alloy CoCr-Ti MoM 181 
H0092_10R 3B Ti alloy CoCr alloy CoCr-Ti MoP 136.69 
H0112_11? 1 Ti alloy CoCr alloy CoCr-Ti MoM 292 
H0129_11L 4 CoCr alloy CoCr alloy CoCr-CoCr MoP 194 
H0153_11R 7 CoCr alloy CoCr alloy CoCr-CoCr MoM Unknown 
H0167_11R 2 Ti alloy CoCr alloy CoCr-Ti MoP 158 
H0171_11L 6 Ti alloy CoCr alloy CoCr-Ti MoP 166 
H0173_11L 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 178 
H0187_11L 1 Ti alloy CoCr alloy CoCr-Ti Unknown 191 
H0202_11L 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 171 
H0205_11R 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 155 
Table C.1: Specific material, patient, and design factors for each explant 
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Accession 
Number 
Stem 
Type 
Stem 
Material 
Head 
Material 
Head/Stem 
Material 
Couple 
Bearing 
Couple 
Body 
Weight 
(BW) [lb] 
H0206_11R 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 221 
H0210_11L 3A Ti alloy CoCr alloy CoCr-Ti MoM 175 
H0211_11R 2 Ti alloy CoCr alloy CoCr-Ti MoP 110 
H0216_11L 4 CoCr alloy CoCr alloy CoCr-CoCr MoP 170 
H0234_12R 3A CoCr alloy CoCr alloy CoCr-CoCr MoP 139 
H0245_12L 6 
CoCr 
alloy/ 
Vitallium 
CoCr 
alloy/ 
Vitallium 
CoCr-CoCr MoP 130 
H0249_12R 3C Ti alloy CoCr alloy CoCr-Ti Unknown 89 
H0259_12R 3A CoCr alloy CoCr alloy CoCr-CoCr MoP 149 
H0277_12? 2 Ti alloy CoCr alloy CoCr-Ti MoP Unknown 
H0289_12L 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 146 
H0299_12R 3A Ti alloy CoCr alloy CoCr-Ti MoM 269 
H0301_12L 7 CoCr alloy 
Ceramic 
(white) w/ 
Ti sleeve 
CoCr-Ti CoP Unknown 
H0308_12L 7 CoCr alloy CoCr alloy CoCr-CoCr MoP 128 
H0319_12R 7 CoCr alloy CoCr alloy CoCr-CoCr Unknown 250 
H0330_12L 1 Ti alloy CoCr alloy CoCr-Ti MoP Unknown 
H0347_13R 7 Ti alloy CoCr alloy CoCr-Ti MoP 174 
H0352_13L 1 Ti alloy CoCr alloy CoCr-Ti MoP 300 
H0370_13R 1 Ti alloy Oxinium Oxinium-Ti Unknown 263 
H0372_13L 7 CoCr alloy CoCr alloy CoCr-CoCr Unknown 116 
H0377_13L 3B Ti alloy Oxinium Oxinium-Ti MoP 168 
H0379_13L 2 Ti alloy CoCr alloy CoCr-Ti Unknown 158 
H0389_13L 1 Ti alloy 
Ceramic 
(pink) with 
Ti Sleeve 
Ti-Ti CoP 165 
H0398_13R 4 CoCr alloy CoCr alloy CoCr-CoCr MoM 240 
H0401_13? 1 Ti alloy CoCr alloy CoCr-Ti MoP Unknown 
H0428_14R 3C Ti alloy CoCr alloy CoCr-Ti Unknown 176 
Table C.1 Continued 
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Accession 
Number 
Labeled 
HMA [mm] 
HMA calculated 
from HH and TD 
[mm] 
Average Head 
Outer Diameter 
[mm] 
Head 
Diameter 
Class 
H0006_09? 0.00 -7.33 27.97 28.00 
H0024_09? Not labeled 0.12 22.20 22.00 
H0028_10R 3.00 0.83 22.15 22.00 
H0032_10L 3.00 -3.41 27.93 28.00 
H0033_10L 0.00 -4.79 27.95 28.00 
H0042_10L 6.00 -1.29 27.98 28.00 
H0043_10R 3.50 -0.20 27.93 28.00 
H0048_10L Not labeled -1.49 45.87 46.00 
H0049_10R 0.00 -2.51 22.09 22.00 
H0050_10L 5.00 -0.27 35.93 36.00 
H0063_10L -4.00 -8.83 27.94 28.00 
H0069_10R Not labeled -7.22 27.93 28.00 
H0072_10L 1.00 -7.15 31.85 32.00 
H0073_10R Not labeled -1.66 37.93 38.00 
H0092_10R 0.00 -6.45 31.94 32.00 
H0112_11? -4.00 -7.70 45.95 46.00 
H0129_11L 4.00 -2.03 31.92 32.00 
H0153_11R -2.00 -9.13 36.00 36.00 
H0167_11R -3.50 -6.82 27.95 28.00 
H0171_11L Not labeled -0.24 27.98 28.00 
H0173_11L 4.00 -2.55 27.96 28.00 
H0187_11L 0.00 -5.39 35.93 36.00 
H0202_11L 8.00 2.76 27.93 28.00 
H0205_11R 5.00 -0.72 27.93 28.00 
Table C.2: Specific HMA and Head Diameters for each explant 
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Accession 
Number 
Labeled 
HMA [mm] 
HMA calculated 
from HH and TD 
[mm] 
Average Head 
Outer Diameter 
[mm] 
Head 
Diameter 
Class 
H0206_11R Not labeled -3.88 27.945 28.00 
H0210_11L Not labeled -1.29 49.89 50.00 
H0211_11R 0.00 -3.39 27.95 28.00 
H0216_11L 5.00 -2.69 36.00 36.00 
H0234_12R 5.00 -2.22 27.93 28.00 
H0245_12L Not labeled -5.51 27.96 28.00 
H0249_12R Not labeled 0.09 43.96 44.00 
H0259_12R 5.00 -3.08 31.94 32.00 
H0277_12? 8.00 4.68 31.95 32.00 
H0289_12L 0.00 -7.33 27.98 28.00 
H0299_12R -3.00 -3.93 37.92 38.00 
H0301_12L -3.00 0.27 27.98 28.00 
H0308_12L 8.50 -0.10 27.965 28.00 
H0319_12R 5.00 -0.72 27.96 28.00 
H0330_12L -3.00 -9.96 35.925 36.00 
H0347_13R 5.00 -4.07 27.945 28.00 
H0352_13L 3.50 -0.53 27.93 28.00 
H0370_13R 4.00 -2.75 35.95 36.00 
H0372_13L Not labeled -5.03 49.04 49.00 
H0377_13L 0.00 -7.09 35.95 36.00 
H0379_13L 0.00 -3.94 27.92 28.00 
H0389_13L Not labeled -0.12 39.92 40.00 
H0398_13R Not labeled -6.18 45.49 46.00 
H0401_13? 0.00 1.57 31.97 32.00 
H0428_14R 9.00 3.51 31.94 32.00 
Table C.2 Continued 
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Accession 
Number 
Neck Cone 
Contact 
Surface Area 
[mm2] 
Average 
Contact 
Length 
[mm] 
Distal Neck 
Taper 
Diameter 
(DD) [mm] 
Proximal 
Neck Taper 
Diameter (DP) 
[mm] 
Neck 
Flexural 
Rigidity 
[N*m2] 
H0006_09? 443.03 10.72 13.60 12.71 184.72 
H0024_09? 352.62 11.89 10.16 8.72 120.30 
H0028_10R 336.78 11.38 9.93 8.91 109.77 
H0032_10L 661.63 13.86 16.04 14.35 747.33 
H0033_10L 421.98 9.03 15.24 14.51 609.03 
H0042_10L 495.07 12.97 12.82 11.48 145.85 
H0043_10R 436.71 10.44 13.76 12.87 404.74 
H0048_10L 562.10 14.72 12.63 11.68 137.40 
H0049_10R 345.45 11.49 10.20 8.94 122.21 
H0050_10L 378.87 10.13 12.33 11.48 124.80 
H0063_10L 570.99 14.91 12.79 11.59 302.12 
H0069_10R 568.71 16.12 12.11 10.35 116.13 
H0072_10L 528.03 12.59 13.86 12.84 416.63 
H0073_10R 440.21 11.90 11.92 11.63 109.01 
H0092_10R 438.91 10.60 13.61 12.75 185.27 
H0112_11? 565.56 13.49 13.92 12.77 202.73 
H0129_11L 475.42 11.46 13.68 12.73 395.40 
H0153_11R 430.09 10.34 13.61 12.87 387.37 
H0167_11R 721.13 17.06 14.07 12.84 211.61 
H0171_11L 433.25 10.42 13.70 12.77 190.22 
H0173_11L 445.87 10.76 13.60 12.78 386.24 
H0187_11L 381.05 10.15 12.36 11.54 126.02 
H0202_11L 446.31 12.69 11.88 10.51 224.89 
H0205_11R 406.41 11.21 12.06 11.02 238.83 
Table C.3: Specific neck cone data for each explant 
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Accession 
Number 
Neck Cone 
Contact 
Surface 
Area [mm2] 
Average 
Contact 
Length 
[mm] 
Distal Neck 
Taper 
Diameter 
(DD) [mm] 
Proximal 
Neck Taper 
Diameter (DP) 
[mm] 
Neck 
Flexural 
Rigidity 
[N*m2] 
H0206_11R 522.51 14.95 11.81 10.44 219.63 
H0210_11L 588.14 15.44 12.68 11.57 139.59 
H0211_11R 576.76 13.67 14.07 12.79 211.61 
H0216_11L 718.69 15.10 15.86 14.44 714.35 
H0234_12R 530.70 12.63 13.87 12.88 417.83 
H0245_12L 628.18 15.04 13.62 12.97 388.51 
H0249_12R 438.08 10.56 13.62 12.79 185.81 
H0259_12R 542.12 12.96 13.83 12.80 413.03 
H0277_12? 379.90 9.13 13.66 12.83 188.00 
H0289_12L 430.34 10.35 13.58 12.89 383.97 
H0299_12R 538.68 14.13 12.62 11.65 136.96 
H0301_12L 479.23 13.78 11.70 10.44 211.56 
H0308_12L 438.14 10.49 13.82 12.77 411.84 
H0319_12R 417.79 10.085 13.63 12.73 389.6558117 
H0330_12L 442.37 10.7 13.56 12.76 182.5581987 
H0347_13R 601.95 14.445 13.82 12.70 196.97 
H0352_13L 447.67 10.67 13.87 12.84 199.8335613 
H0370_13R 452.48 10.87 13.64 12.86 186.9046323 
H0372_13L 318.43 8.55 12.07 11.64 239.6220698 
H0377_13L 443.63 10.71 13.59 12.78 184.1791273 
H0379_13L 592.91 14.10 14.05 12.72 210.4107289 
H0389_13L 390.45 10.28 12.50 11.68 131.826474 
H0398_13R 440.48 10.63 13.60 12.78 386.2365492 
H0401_13? 384.59 10.27 12.30 11.54 123.5899139 
H0428_14R 350.40 8.44 13.61 12.82 185.2657269 
Table C.3 Continued 
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Accession 
Number 
Total Percent 
Area of 
Corrosion [%] 
Zone 1/ 
AntMed 
Zone 2/ 
PostMed 
Zone 3/ 
PostLat 
Zone 4/ 
AntLat 
Overall 
Visual 
Assessment 
Damage 
Score 
H0006_09? 0.00 0.00 0.00 0.00 0.00 1 
H0024_09? 56.33 64.31 82.81 36.63 41.58 4 
H0028_10R 0.00 0.00 0.00 0.00 0.00 2 
H0032_10L 0.86 1.88 0.22 1.32 0.00 1 
H0033_10L 0.00 0.00 0.00 0.00 0.00 1 
H0042_10L 41.56 48.94 67.19 30.81 19.28 3.5 
H0043_10R 0.00 0.00 0.00 0.00 0.00 1 
H0048_10L 3.58 4.94 3.24 1.37 4.75 2 
H0049_10R 7.73 11.29 5.91 6.04 7.67 2 
H0050_10L 41.98 34.41 52.65 51.20 29.67 3.5 
H0063_10L 0.00 0.00 0.00 0.00 0.00 1 
H0069_10R 39.11 22.38 57.87 44.70 31.49 3.5 
H0072_10L 0.00 0.00 0.00 0.00 0.00 1 
H0073_10R 24.82 2.75 0.00 54.23 42.29 2 
H0092_10R 0.00 0.00 0.00 0.00 0.00 1 
H0112_11? 5.87 6.35 12.63 4.52 0.00 2 
H0129_11L 0.00 0.00 0.00 0.00 0.00 2 
H0153_11R 6.22 5.05 10.32 5.88 3.65 2.5 
H0167_11R 0.00 0.00 0.00 0.00 0.00 1.5 
H0171_11L 1.96 6.27 1.59 0.00 0.00 1.5 
H0173_11L 0.00 0.00 0.00 0.00 0.00 2 
H0187_11L 23.49 9.57 51.72 17.74 14.92 3.5 
H0202_11L 0.00 0.00 0.00 0.00 0.00 1 
H0205_11R 6.42 8.75 14.07 0.00 2.86 2.5 
Table C.4: Specific corrosion data for each explant 
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Accession 
Number 
Total Percent 
Area of 
Corrosion [%] 
Zone 1/ 
AntMed 
Zone 2/ 
PostMed 
Zone 3/ 
PostLat 
Zone 4/ 
AntLat 
Overall 
Visual 
Assessment 
Damage 
Score 
H0206_11R 31.79 42.45 25.09 34.20 25.43 4 
H0210_11L 19.66 22.10 20.15 18.10 18.29 4 
H0211_11R 0.00 0.00 0.00 0.00 0.00 1.5 
H0216_11L 0.00 0.00 0.00 0.00 0.00 2 
H0234_12R 0.00 0.00 0.00 0.00 0.00 1 
H0245_12L 0.00 0.00 0.00 0.00 0.00 1 
H0249_12R 0.00 0.00 0.00 0.00 0.00 1 
H0259_12R 1.78 2.48 1.48 1.67 1.49 1.5 
H0277_12? 0.00 0.00 0.00 0.00 0.00 2 
H0289_12L 0.00 0.00 0.00 0.00 0.00 1 
H0299_12R 5.88 0.00 4.65 7.51 11.38 2.5 
H0301_12L 17.40 24.20 37.42 7.97 0.00 3.5 
H0308_12L 3.48 1.57 3.93 3.13 5.30 2 
H0319_12R 1.21 2.00 2.10 0.72 0.00 2 
H0330_12L 14.55 0.00 9.02 27.01 22.19 2 
H0347_13R 0.00 0.00 0.00 0.00 0.00 2 
H0352_13L 1.13 1.18 0.00 1.33 2.01 1 
H0370_13R 0.00 0.00 0.00 0.00 0.00 1 
H0372_13L 0.00 0.00 0.00 0.00 0.00 1 
H0377_13L 0.00 0.00 0.00 0.00 0.00 1 
H0379_13L 0.00 0.00 0.00 0.00 0.00 2 
H0389_13L 12.29 3.91 30.51 13.46 1.28 2.5 
H0398_13R 23.21 6.00 8.64 38.69 39.52 4 
H0401_13? 9.27 16.24 3.10 8.80 8.94 2 
H0428_14R 0.00 0.00 0.00 0.00 0.00 1 
Table C.4 Continued
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Accession 
Number 
Total 
Percent 
Area of 
Corrosion 
[%] 
Overall 
Visual 
Assessment 
Damage 
Score 
Stem 
Type 
Head/Stem 
Material 
Couple 
Bearing 
Couple 
Body 
Weight 
(BW) [lb] 
Implantation 
Time [yrs] 
H0024_09? 56.33 4 7 CoCr-CoCr MoP Unknown Unknown 
H0050_10L 41.98 3.5 1 CoCr-Ti Unknown 230 Unknown 
H0042_10L 41.56 3.5 5 CoCr-Ti MoP 186 12 
H0069_10R 39.11 3.5 7 CoCr-Ti MoP 257 15 
H0206_11R 31.79 4 7 CoCr-CoCr MoP 221 16 
H0073_10R 24.82 2 3A CoCr-Ti MoM 181 2.5 
H0187_11L 23.49 3.5 1 CoCr-Ti Unknown 191 2 
H0398_13R 23.21 4 4 CoCr-CoCr MoM 240 Unknown 
H0210_11L 19.66 4 3A CoCr-Ti MoM 175 6 
H0301_12L 17.40 3.5 7 Ti-CoCr CoP Unknown Unknown 
H0330_12L 14.55 2 1 CoCr-Ti MoP Unknown 0.58 
H0389_13L 12.29 2.5 1 Ti-Ti CoP 165 1.17 
Table C.5: Explants with greater than 10% area of corrosion 
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Accession 
Number 
HMA 
calculated 
from HH 
and TD 
[mm] 
Head 
Diameter 
Class 
Neck 
Cone 
Contact 
Surface 
Area 
Average 
Contact 
Length 
[mm] 
Distal 
Neck 
Taper 
Diameter 
(D2) 
[mm] 
Proximal 
Neck 
Taper 
Diameter 
(D1) 
[mm] 
Neck 
Flexural 
Rigidity 
[N*m2] 
H0024_09? 0.12 22.00 352.62 11.89 10.16 8.72 120.30 
H0050_10L -0.27 36.00 378.87 10.13 12.33 11.48 124.80 
H0042_10L -1.29 28.00 495.07 12.97 12.82 11.48 145.85 
H0069_10R -7.22 28.00 568.71 16.12 12.11 10.35 116.13 
H0206_11R -3.88 28.00 522.51 14.95 11.81 10.44 219.63 
H0073_10R -1.66 38.00 440.21 11.90 11.92 11.63 109.01 
H0187_11L -5.39 36.00 381.05 10.15 12.36 11.54 126.02 
H0398_13R -6.18 46.00 440.48 10.63 13.60 12.78 386.24 
H0210_11L -1.29 50.00 588.14 15.44 12.68 11.57 139.59 
H0301_12L 0.27 28.00 479.23 13.78 11.70 10.44 211.56 
H0330_12L -9.96 36.00 442.37 10.7 13.56 12.76 182.56 
H0389_13L -0.12 40.00 390.45 10.28 12.50 11.68 131.83 
Table C.5 Continue
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